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The effects of a layer of olivine, which has 
orthorhombic elastic symmetry, on seismic body waves 
is investigated as a means of estimating the seismological 
effects of an anisotropic layer beneath the Moho. The 
mathematical formulation of body waves in plane, layered 
anisotropic media which is used in the computer programs 
is presented. The method used is the extension of the 
Thcmipson-Haskell matrix formulation of Craznpin (1910). 
The velocity anisotropy, particle motions and 
directions of energy transport of body waves in olivine 
is investigated. These factors are the cause of the 
seismological effects producedbj the anisotropy. 
Reflection and transmission of plane harmonic 
body waves at a boundary between an isotropic half-space 
and an anisotropic olivine half-space is investigated. 
Here, and in all structures considered in the thesis, the 
boundary is taken as one of the three planes of symmetry 
of the olivine. The square root of the energy ratios 
of the reflected and transmitted waves are examined as a 
function of angle of incidence and orientation of the 
incident plane for F, SV and SH waves incident from various 
isotropic half-spaces and for the three planes of 
symmetry of the olivine horizontal. The group velocity directions 
of the transmitted waves are also investigated. 
111. 
Reflection and transmission in a structure with a 
layer of olivine sandwiched between two isotropic half-spaces 
is considered. The square root energy ratios of the reflected 
and transmitted waves are investigated as a function of 
angle of incidence, frequency and orientation of the incident 
plane for incident P, SV and SR waves. Generation of 
SR waves by incident P waves and strong coupling 
between SV and SH waves is shown for incident planes away 
from planes of symmetry. The effect of adding layers 
to the structure is considered. The effects of the 
anisotropy on a pulse propagating through the system are 
examined by calculating the spectrum of the transmitted 
motion and inverting into the time domain using the 
Fast Fourier Transform. 
Propagation of body waves in layered, anisotropic 
structures with a free surface is investigated by computing 
the theoretical seismograms of the surface motion for 
incident F, SV and SH pulses. The pulses used are heavily 
daned sine waves and the method again uses the Fast Fourier 
Transform. The effects of anisotropy on theoretical 
crustal transfer functions is investigated. 
The results show that for the (o,o,i) and (o,l,o) planes 
of olivine horizontal there is significant coupling between 
P and SR motion and strong coupling between SV and SR motion. 
For the (i,o,o) plane, which exhibits the least velocity 
anisotropy, the coupling is much weaker. In the light of 
the results presented the seismological effects of an 
anisotropic layer beneath the Moho are discussed. 
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INTRODUCTION 
1.1 Origin of the research 
The motivation for the research in this thesis was the 
suggestion of Cranipin (1966, 1967) that the layer in the 
Upper Mantle beneath the Moho under Eurasia might be 
anisotropic. He suggested that this might be due to 
preferred orientation of olivine grains which would give 
an orthorhonibic elastic response. The basis for the hypothesis 
was the constant phase relationship between higher mode 
surface wave trains consistently observed on seismograms 
at stations in Europe and Asia for many paths across 
Eurasia. 
Crainpin (1970) and Crampinand Taylor ( 1971) set up 
the theory and wrote computer programs to investigate surface 
wave propagation in layered anisotropic structures. In isotropic 
media P-SV motion and SH motion are decoupled and Love and 
Rayleigh waves propagate independently. In anisotropic media 
this decoupling exists only for certain degenerate cases of 
propagation in directions of symmetry. In other directions a 
generalised surface wave propagates which has both Love type and 
Rayleigh type motion. Along directions of symmetry a given 
surface wave mode degenerates into either Rayleigh or Love 
motion. Odd order modes have Rayleigh wave type motion and even 
order modes have Love Wave type motion. 
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Vertical and horizontal seismometers recording such 
generalised surface modes will exhibit the constant phase 
relationship observed by Crampin (1966, 1967). This anomalous 
behaviour was evident only in the higher modes. Higher 
mode surface waves have more than 75% of their energy 
propagating in the top thirty kilometres of the Mantle and 
would be very sensitive to any anisotropy in this region. 
Fundamental modes sample the Mantle much more uniformly 
and would be comparatively insensitive to an anisotropic 
layer beneath the Moho. The hypothesis, therefore, explains 
the constant phase relationship and why the fundamental 
modes do not also exhibit the relationship. 
The reasons the phenomenon is not observed on a world 
wide basis are the well known difficulties associated with higher 
mode studies. Not all earthquakes excite higher modes appreciably, 
few seismometers have sufficient sensitivity in the required 
period range and boundaries between tectonic provinces attenuate 
them severely. 
Hopefully an orthorhoinbically anisotropic layer 
beneath the Moho would have some recognisable effects on 
body waves. There is no lack of references to wave 
propagation in anisotropic media in the geophysical 
literature, but almost all the work has considered transversely 
isotropic media. Such media have five independent elastic 
constants and an axis of complete symmetry which is usually 
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taken as vertical. Although SV and SH waves travel at 
different velocities in such media, the decoupling of P-SV 
and SH motion is preserved. Love and Rayleigh waves, 
therefore, propagate independently and such media cannot account 
for the constant phase relationship of Cranin (1966, 1967). 
Vlaar (1968, 1969) and Cerveny (1972) have presented a ray 
theory for body waves in anisotropic media of general 
symmetry. However, little computational work is available 
for making an assessment of the possible importance of 
anisotropy in body wave seismology. The research in this 
thesis is therefore directed at an investigation of the 
magnitude and character of the effects of anisotropic 
layered media on body wave propagation with the purpose 
of attempting to identify those effects most diagnostic 
of anisotropy in the Upper Mantle. 
The rest of this chapter is devoted to a review of 
studies of elastic anisotropy of interest to Geophysics 
and to geophysical studies whidisuggest that anisotropy 
might be of importance in Seismology. 
- 
1.2 Surface waves 
Surface wave propagation in an anisotropic half-space 
has been discussed by Synge (1957), Buchwald (1961a) and 
Burridge (1970a), among others. Propagation along planes 
of symmetry in a half-space with cubic symmetry has been 
investigated by Stoneley (1955) and Buchwald and Davis (1963), 
with hexagonal symmetry by Buchwald (1961b) and with 
orthorhombic symmetry by Stoneley (1963). Synge (1957) 
and Buchwald (1961a) suggested that surface waves in an 
anisotropic half-space propagate unattenuated only in 
certain discrete directions. Lim and Farnell (1968, 1969) 
found no directions in which surface waves were not propagated 
unattenuated and discussed a pseudo-surface wave with phase 
velocity exceeding that of the slowest body wave velocity. 
Burridge (1970a) analytically showed that surface waves, if they 
exist, must be unattenuated and that if they propagate in any 
direction there are whole angular ranges of directions in 
which they may propagate. 
Johnson (1970) discussed propagation along directions 
of symmetry of Stoneley waves. Negi and Upadhyay (1968a, 
1968b, 1971), Upadhyay (1970), Thapliyal (1971a,b) and 
Dutta (1965) discussed the dispersion of Love and Rayleigh 
waves in transversely isotropic layered media. Crampin (1970) 
and Crampin and Taylor (1971) investigated surface waves in 
multilayered anisotropic media of general symmetry. 
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Anderson (1961, 1962) and Anderson and Harkrid.er (1962) 
pointed out the possible importance of Mantle anisotropy 
for seismological studies of surface waves. Difficulties 
in satisfying both Love and Rayleigh wave dispersion 
data by a single isotropic layered model suggested to them 
that the low velocity zone might be transversely isotropic 
with a vertical axis of symmetry. The velocities of SH and SV 
waves in such media are different and could thereby 
explain the discrepancies between the Love and Rayleigh wave 
data. For the Canadian Shield, Brune and Dorman (1963) found 
no difficulty in finding an isotropic model to fit both Love and 
Rayleigh wave dispersion curves. They discounted the 
possibility of widespread Mantle anisotropy although they 
noted that their data was consistent with a small amount of 
anisotropy near the Moho. However, McEvilly (196 1 ) for the 
Central U.S.A., Aid and Kaminutna (1963) and Kaminuma (1966) 
for Japan, Thatcher and Brune (1969) for the Gulf of 
California, James (1971) for the Andes and Bhatacharya 
(1974) for the Indian Peninsula have all reported anomalously 
high Love wave phase velocities. An 511 velocity greater by some 
6 - io% than the SV velocity fitted the data. McEvilly 
(1964) and Kaminuma (1966) proposed that the Mantle material is 
transversely isotropic, Aki (1968) and Hales and Block (1969) 
that thin soft layers in the Mantle are the cause and Take.uchi et al. 
(1968) that elliptical magma pockets in the Mantle are 
responsible. 
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Brune (1969) stated that the importance of Crust- 
Mantle anisotropy is uncertain because detailed investigations 
had not been carried out in a given region to eliminate other 
possible causes. Dorman (1969) compared the available data 
for Love and Rayleigh waves for Finland, Canada and the 
Central U.S.A. These provinces are stable shield or 
continental platform regions and might be expected to have 
similar dispersion characteristics. The Love wave dispersion 
curves were not parallel and to a much lesser extent neither 
were the Rayleigh wave curves. Dorman concluded that the data 
suggested regional variations in the Crust-Mantle layering and 
possible effects of elastic anisotropy. The anomalously 
high Love wave data of McEvilly (196 1 ) were used in this 
study. Thatcher and Brune (1969) suggested that the data for 
these anomalous Love modes were incorrect due to 
interference between the fundamental and first shear modes. 
Such interference is caused by the near equality of the 
group velocity of these two modes over the period range 
50 - 100 seconds. James (1911) found evidence of 
interference in his data and Thatcher and Brune (1969) reported 
that McEvilly agreed that interference was present in his 
study, McEvilly (196 1 ). 
The coupled Rayleigh and Love second modes of 
Crainpin (1966, 1967) is the only surface wave evidence to 
suggest that the Mantle might have aligned crystalline symmetry. 
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His proposal that it is the layer immediately beneath the 
Moho which exhibits this anisotropy places the anisotropy 
in a different position from that of previous proposals 
but it is in keeping with the evidence of oceanic 
refraction experiments which indicate that the layer beneath 
theMoho under oceans is anisotropic. 
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1.3 Body waves 
Exploration seismologists have long recognised velocity 
anisotropy in the crust which they have attributed to finely 
layered media, Uhrig and Van Melle (1955). Wave 
propagation in such finely layered isotropic media has been 
discussed by White and Angona (1955), Postma  (1955) and Backus 
(1962), among others. To wavelengths large compared with the 
characteristic width of the layering such media appear 
transversely isotropic and AId (1968) invoked such an 
explanation for the discrepancies between Love and Rayleigh 
wave data. Blot (19 1 0, 1965) and Dahlen (1972) investigated 
the velocity anisotropy caused by non-hydrostatic initial 
stress fields. The anisotropy produced is of small order 
unless the non-hydrostatic stress approaches the breaking 
strength of the medium. Vlaar (1968, 1969) and. 
Cerveny (1972) presented a ray theory for body waves in 
anisotropic media. 
The seismological implications of anisotropy were 
first discussed by Stoneley (1919). Considering a 
transversely isotropic crust he pointed out that interpretations 
based on isotropic wave propagation would lead to wrong 
estimates of focal depths and layer thicknesses, that SH 
and SV waves would arrive separately and that explosions 
could generate transverse motion. Two S phases have often 
been reported since Neumann (1930). Nuttli and Whitmore (1962) 
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found some seismograms where SH waves arrived 1 - 2 
seconds before the SV wave. 
An anisotropic layer in the Mantle beneath the 
Moho would cause the generation of anomalous phases. 
Both P and SV waves will generate SH waves and SH waves 
will generate P and SV waves. These anomalous phases would 
express themselves not only in a separation of SH and SV 
arrivals but in anomalous particle motion in the P and 
S waves and their codas and in anomalous precursors to the 
S wave. Converted waves have been used in crustal 
studies by Cook et al (1962), Smith (1971), and Jordan 
(197 1 ). Anomalous amplitudes have been reported by 
Vvedenskaya and Balakina (1959). Ellis and Basham (1968), 
Basham and Ellis (1969) and Hasegawa (1969, 1970) found 
anomalous particle motions and amplitudes which they 
attribute to anomalous conversions in the Crust and Upper 
Mantle. 
Using the amplitude spectra of P or S body waves it is 
possible to determine crustal parameters. A number of 
researchers Phinney (1964), Leblanc (1967), Utsu (1966), 
Fernande and Carega (1968), Ellis and Basham (1968), Ibrahim. 
(1970 ), Kurita (1969) and Hasegawa (1969) and (1970) have 
attempted to correlate theoretical results predicted by 
Thompson-Haskell formulation applied to body waves 
with observed body-wave spectra. In some cases, the 
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lack of correlation may imply the existence of conditions 
in the Earth more complex than assumed in the model. 
Such complexities include anisotropy, inhomogeneous 
crustal structure, anlasticity and dipping boundaries. 
The effect of orthorhoiribic elastic anisotropy 
on body waves will be azimuthally dependent. Bolt and 
Nuttli (1966), Cleary and Hales (1966), Otsuka (1966), 
Cleary (1967), Kind (1972) and Brown (1973) found 
azimuthal variations in station time terms. Dipping 
boundaries, undulating boundaries and lateral 
inhongeneity as well as anisotropy can produce such 
effects. 
Convincing evidence of velocity anisotropy in the 
Upper Mantle under oceans is provided by oceanic refraction 
studies, Raitt et al (1968, 1969, 1971), Morris et al (1969), 
Meyer et al (1969), Keen and Barret (1971), Keen and 
Tramontini (1970). Some of these experiments were 
elaborate time term studies interpreted using the 
mathematical formulation of Backus (1965) who effectively 
ruled out any cause other than anisotropy. Hess (196 1 ) 
first brought attention to this phenomenon and suggested 
the cause as alignment of olivine grains due to 
shear sliding at fracture zones. Other explanations 
for the cause of the alignment were suggested by 
Francis (1969), Elsasser (1971) and Ave' Laflemant and 
Carter (1970) among others. The magnitude of the 
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velocity anisotropy averages about 5% but one estimate 
was as large as 10%. Direct measurement of velocity 
anisotropy in continental refraction studies is more 
difficult, because of the larger dimensions involved 
and greater lateral inhomogeneity. Dorman (1972) 
and Bennet and Dorman (1974) have found evidence of 
velocity anisotropy in the crust. Berry and Fuchs (197 1 ) 
and Bamford (1973) have tentatively identified 
a Mantle velocity anisotropy of 0.17 km/s and 0.6 km/s in 
the Canadian Shield and Europe respectively. 
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1.4 Anisotropy of rock samples 
The mineralogical composition of the Mantle is 
some combination of olivine, pyroxene, garnet and 
perhaps in some regions amphibole (Ringwood, 1969). 
The two major rock types with these minerals are 
peridotite and eclogite and most geophysicists favour a 
peridotitic Mantle whose major component is olivine. 
Olivine is elastically orthorhombic. Verma. (1960), 
Kumazawa and Anderson (1969)  and Graham and Barsch (1969) 
made ultrasonic measurements of the elastic 
constants of gem quality peridot and artificially 
grown crystals of forsterite. The values of the 
conrpreona1 velocities along the a, b and c 
crystallographic axes are 9.87 km/s, 7.73 km/s and 
8.65 km/s respectively. This is a velOcity anisotropy 
of about 18%. The other major Mantle constituent, 
pyroxene, exists in two forms, clinopyroxene and 
orthopyroxene. Kumazawa (1969) measured the elastic 
constants of orthopyroxene. The velocity anisotropy 
is about 17%. 
Rocks are composed of aggregates of mineral grains 
and the overall elastic response of the rock depends on the 
orientation of the grains in the rock matrix. Birch 
(1960, 1961) presented results of u1trnic 
measurements of P velocities at pressures up to 10 
kilobars in a wide variety of igneous rocks. At low 
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pressures,corresponding to the Upper Crust, porosity has 
a large effect. Cracks may be distributed in the rock 
matrix so that the overall elastic response is 
anisotropic, Birch (1960), Simmons (1961) and Brace (1965), 
and non-hydrostatic stress fields can produce preferred 
closure of cracks, Tocher (1957), Nur and Simmons (1969), 
Nur (1971). Build up of stress before an earthquake 
may be monitored by changes in the compressional velocity 
so produced, Tocher (1957), Eisler (1969), Aki et al 
(1970), Kanamori (1970) and Anderson et al (197). 
At higher pressures cracks are closed and mineral 
orientation can produce anisotropy, Birch (1960, 
1961). This velocity anisotropy in rock samples has 
been abundantly confirmed, Simmons (196I), Christensen 
(1965, 1966a, 1966b), Christensen and Ramananantoandro (1971), 
Babuska (1968, 1970, 1972), among others, both for P and S 
waves. Propagation of two S waves has been observed by Tillman 
and Bennet (1973), Christensen and Ramananantoandro (1971) 
and Todd et al (1973). That this anisotropy is 
due to preferred mineral orientation has been confirmed by 
correlations with rock fabrics, Brace (1965), Christensen (1966b), 
Crosson and Lin (1971), Thill et al (1969), among others. 
Hess (196 1 ) and Francis (1969) suggested that the 
velocity anisotropy in the Mantle under oceans was caused by 
preferred alignment of olivine grains due to shearing. 
A thermodynamic theory of preferred mineral orientation 
- ]_I - 
due to crystallisation under non-hydrostatic stress was put 
forward by Kainb (1959) and elaborated by Kanib (196.1), 
Kumazawa (1961), Hartman and Den Tex (1964) and 
Kurnazawa andimazu (1967). In a series of high temperature 
compression tests on dunite, peridotite and powdered 
olivine Ave'Lallemant and Carter (1910), Carter et a]. 
(1912) and Baker and Carter (1972) produced 
experimental samples exhibiting preferred mineral 
orientation produced by recrystaflisation during flow 
at small strain rates. 
These studies show that for rock samples of hand 
size anisotropy is the rule and not the exception. The 
important question is at what length scale orientations 
become random and produce an overall isotropic 
response.. Seismic body waves have wavelength of 10 km and 
upwards. At these length scales the Earth must to a very 
great degree be elastically isotropic or else seismic 
interpretations based on isotropic wave theory would not be 
so successful or consistent. The measured anisotropy 
beneath the oceans indicates that in certain regions of the 
Earth mineral orientations can be consistent over 
distances of interest in Seismology. Indeed the velocity 
anisotropy under oceans and that of rock samples is of the 
same order of magnitude, 5 - 10%. Other evidence of 
consistent orientations over significant distances is found. 
in Alpine peridotites, Christensen (1971) and Peselnick et al 
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(197 1 ). These bodies are believed to be Mantle material 
emplaced essentially as solid bodies in the crustal 
country rock. 
Hess (1964), Francis (1969) and Elsasser (1971) 
have related the anisotropy under oceans to the sea-floor 
spreading hypothesis of plate tectonics. If anisotropy 
under continents exists, there is the possibility that it, 
too, might be related to plate tectonics and provide information 
on the evolution of the continental Crust-Mantle system. 
CHAPTER 2 
MATHEMATICAL FORMULATION 
2.1 Equations of motion 
We consider a homogeneous anisotropic medium 
characterised by the elastic constant tensor Cjjj. Subscripts 
indicate conponents of vectors or tensors and the summation 
convention is used. 
Let xi (i = 1,3) be rectangular Cartesian co-ordinates 
and uj be the displacement. 	The strain energy tensor is 
ejj = 	 + auj 	) i,j = 1,2,3 (2.1) 2 Xj axj 
The stress tensor pij is dependent upon the strain tensor via 
the generalised Hooke's Law 
Pij = cijkl ekl 	i,j = 1,2,3 (2.2) 
where the elastic constant tensor has the following 
symmetries (Love 1927) 
Cjjkl = c1ki = cIijj 	 . 	 . (.2.3) 
Of the 81 terms only 21 are independent. 	Any material 
symmetry reduces this number and, for example, for an 
isotropic medium 
Cljkl 	= A óIj 	'Skl 	+ .t ( 	6ik 	6jl 	+ 	'Sj.1 	Sjk) (2. 1 ) 
where there are two independent constants ,A and 	- Lame's 
constants. 	The strain energy function is 
W = 2 pjj eij = 2 cjj j e1 	elu (2.5) 
The other additional condition imposed on the elastic 
constants is that this be positive definite. 
Conservation of momentum requires 
____ 	
- 
- + 	Fi i = 1,2,3 9x3 	
p (2.6) 
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where F1 is the body force on the medium. 
Equations 2.1, 2.2 and 2.6 give 
2 
(Cjjkl 	Xj Xl 	P ôik 	) uk = -F1 	(2.7)atz 
Various initial and boundary value problems can be posed and 
solved, Duff (1960) and Kraut (1963). 
2.2 Slowness, Have and velocity surfaces 
Consider the homogeneous system of equations 
( 	 2 P 6 ik 	2 	- 	Cjki ax 	5x1) Uk = o ' 	(2.8) 
Associated with such a system of hyperbolic differential 
equations is a characteristic surface or wave cone, 
$ (x,t) = o (see' Mus grave, 1970), defined by 
det[P (4 )2 óik - Cijkl 	 = o 	 (2.9) 
This characteristic surface is the' envelOpe of characteristic 
planes passing through the origin of space-time.' 
We can write such a plane as 
qr Xr = t 	 (2.10) 
For arbitrary function f and arbitrary constant amplitude a, 
U1 = ajf(t - qxr ) 	 (2.11) 
must be a solution of equation 2.8. The vectors qj and ai 
are then connected by 
FjJ ak = 0 	 (2.12) 
where 
Fik= - 	ik + cjj-i q,j q1 	 (2.13) 
For non-zero solutions aj this implies that 
det' (Fik) = o 	 ' 	 (2.11) 




, 'ml 	=1'" 
V 	- 
then v is the phase velocity of plane waves in the direction 
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ni and 2.1 14 takes the form 
det C pv2 ISik - Cjjkl nj n1 ) = o 	 (2.15) 
This is an eigenvalue problem for the positive definite, 
symmetric matrix 
Aik = Cjjil Ij nj 
with eigenva.lues pv2 . There are three positive eigenvalues 
corresponding to three propagating body waves. An isotropic 
medium is a degenerate case where two of the velocities 
are equal. In addition, in the isotropic case the particle 
motions are orthogonal and either parallel or transverse to 
the propagation direction. In the anisotropic case the 
particle motion vectors are also orthogonal but in general 
they are not parallel to or transverse to the propagation 
direction. 
As we allow the direction of the real vector n to vary, 
the slowness vector qj sweeps out in (q1, q21  q3) space the 
three sheets of the slowness surface. Each sheet corresponds 
to a propagating body wave and the inverse of the radius 
vector at any point on the slowness surface is the phase 
velocity with which that body wave propagates. The equation 
of the slowness surface is 
Q (q) 	o. 	det(-P6 1k. + Cijkl q.j q1 ) 	 (2.16) 
and is a sixth order surface whose shape is determined by the 
elastic constant tensor. The inner sheet of the 
slowness surface must be convex, but the sheets may meet at 
double or triple points and points of inflection may occur, 
- 20 - 
Musgrave (1970). For an isotropic medium the slowness 
surface consists of three concentric spheres, the outer two 
of which coincide. 
The velocity surface is defined as the inverse of the 
slowness surface and for an isotropic medium consists of 
three concentric spheres, the inner two of which are. 
coincident. This surface is also the wave front at t = 1 
of a point disturbance at the origin. In an anisotropic 
medium this is no longer true. The wave front is the 
envelope of characteristic planes which pass through the 
origin of xi space at t = o.• That is, it is the 
envelope of planes 
qr Xr = t 
where qr  satisfies the slowness relation 
Q (q) = o 
The parametric equations of the wave cone are 
t grad  
grad 0 	c(q) = o 	 (2.17) 
The wave surface is the wave front at t - 1. The wave 
surface and slowness surface are polar reciprocals of one 
another. That is, 'a point, line, and tangent plane of one 
corresponds to a tangent plane, line and point of the 
other. Thus, if the slowness surface has a double point the 
wave surface has a double tangent and a point of inflection on 
the slowness surface corresponds to a cusp on the wave 
surface. Such geometrical relationships are discussed 
by Musgrave (1970). 
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To construct the wave surface, figure 2.1, we draw the 
tangent plane to the slowness surface at a point P corresponding 
to the slowness vector qj, drop a perpendicular to this 
plane from the origin and invert the foot of this 
perpendicular in the unit circle. The direction of the point 
on the wave surface corresponding to P is given by the 
direction of OQ i.e. normal to the slowness surface and the 
magnitude is the length OQ such that 
OQ . OM = 1 
The radius vector to the wave surface, corresponding to a 
given slowness vector, is in the direction of energy 
transport, Synge (1956). In section 2.3 expressions 
for calculating the energy flux vector are given. The 
radius vector to the wave surface is then given by 
q.F 	 (2.18) 
where F is the energy flux vector corresponding to the 
given slowness vector. It is easier to compute the 
wave surface from 2.18 than from 2.17. 
Ee 
Sheet of slowness surface 
P - point on slowness surface 
Q - corresponding point on wave surface 
fig 2.1 
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2.3 Plane harmonic solutions 
In this thesis we are interested in the effect of a 
plane layered anisotropic Earth on the propagation of 
plane harmonic body waves. For a teleseismic ray 
incident upon the crust from the Upper Mantle the curvature of 
the wave front is small and we shall regard the wave as being 
plane. This assumption considerably simplifies the 
mathematics. 
By Fourier transform we can build the solution to 
incident pulses of any desired time dependency. The 
more difficult case of the response of a plane layered 
anisotropic medium to a point source where the 
curvature of the wave fronts cannot be neglected must be 
handled by other methods such as a Cagniard-de Hoop 
technique as discussed by Kraut (1963) and Burn dge (1970b) 
or the asymtotic ray technique of Cerveny (1912). 
This section presents the formulation of plane 
harmonic body wave propagation in layered media that we 
have programmed for a computer. It follows the papers 
of Synge (1956, 1957) and Cranipin (1970) with certain 
modifications. We confine our attention to waves 
incident from a lower isotropic half-space on a 
structure of isotropic and anisotropic layers, figure 2.2. 
Without loss of generality we restrict the incident waves to have 
propagation vectors in the x-z plane. The propagation vectors 
of all generated waves will also be in the x-z plane although 
in anisotropic layers directions of energy transport 
0—interface, free surface 
Incident wave 
figure 2.2 N?-layered half space 
WA 
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will not in general be in this plane. We can examine 
orientations of the anisotropic layers simply by rotating 
their crystallographic axes with respect to the fixed axes. 
We seek solutions of the form 
u = a exp(iw(t - qk Xk) ) j = 1,2,3 	 (2.19) 
where u is the displacement, a the particle displacement 
vector (real or complex), .w is real angular frequency 
and q is the real or complex slowness vector. Only the 
real part of u has physical significance. Substitution 
of 2.19 into the equations of motion for an anisotropic 
layer gives 
paj = cjkmn qk cin am, j = 1 3 2,3 	 (2.20) 
For non-zero a we have 
det (Fjm) = o 	 (2.21) 
where 
Fjm = - Pjm + cjkmn qk ln, j,m = 1,2,3 	 (2.22) 
Equation 2.21 for real q is just the slowness surface. For a 
P, SV or SH wave incident at an angle 0 from the lower half space 5 
figure 2.2, with velocity v, the horizontal phase velocity, c, 
is 
C 	V 	 (2.23) 
sin  
By Snell's Law this is the sane for all generated waves. 
Thus, for all waves the _v-component and y-component of the 
slowness vector are 41 = 1/C and q.2 = o. Equation 2.21 
is then a sixth order polynomial in q3 with real coefficients. 
Roots are either real or in complex conjugate pairs. When 
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q3 is real 2.19 corresponds to a propagating body wave and 
when complex to an inhomogeneous wave increasing or 
decreasing exponentially in the positive z-direction. 
We can clarify the situation by considering a section of 
a possible slowness surface, figure 2.3. 
This is the boundary in q space between regions 
where solutions to the slowness equation are complex. 
Given a value of q1 between 0 and P there are six real roots 
for q3. The normals to the slowness curve at three of the 
points point up and the normals at the other three point 
down, corresponding to three upward and three downward 
travelling waves. Between P and Q there are four 
real roots and a complex conjugate pair of roots. As the 
value of q1 increases through, P,a critical angle 
is passed and two waves become inhoniogeneous 
leaving two waves propagating upwards and two downwards. 
Similarly as q1 increases through Q two more waves 
become inhomogeneous and there are only two non-homogeneous 
body waves. Finally as q1 increases through R all the 
waves become inhoniogeneous. Complications in the shape of the 
slowness surface can complicate the situation 3 and can be handled, 
although for cases we will study no complications arise. 
We order the six roots of the slowness equation, q3(n) 
n = 1,6, such that n = 1,2,3 correspond to downward 
travelling quasi-P, quasi-SV and quasi-SH waves respectively 
and n = 4,5,6 correspond to upward travelling quasi-Sil, 
quasi-SV and quasi-P waves respectively. When the roots go 
I
% 
figure 2.3 A possible slowness curve showing 
roots of slowness equation. 
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complex and propagating waves become irihomogeneous this 
order is maintained except that now the waves are no 
longer body waves, althoua they may represent motion 
in the wave guide. Here we have called 'the wave with 
greatest velocity the quasi-P wave because it has 
predominantly longitudinal motion. We. designate the 
other two body waves as quasi-SV or quasi-SH depending 
on which has the, greater particle motion in the' y-direction. 
This is decided by the particle displacement vectors, 
, which can be calculated from equations 2.20 and 2.21 as 
a, (n) 
F22 (n) F23( 
F32() F33( 
= 	a2(n) 
F23(n) F21 l 
'(fl) I F33(n) F 
 31 
a3(n) 
IF21-' 	F22 (n) j 
F3 1(h1) 
F32 




The extra degree of freedom here is removed by 
normalising the amplitude displacement vectors to unity. 
We can now write the general solution in any 
anisotropic layer as 
6 
_ f(n) a(n) exp iw (t -x - q3(n) ) 
n1' 	 c' 
j = 1,2,3 
where f(n), n = 1,6, are six constants representing 
the relative excitations of the six waves'. At a boundary 
both traction and displacement are continuous. 
Following Crampin (1970), we use a dimensionless measure 
(2.25) 
of displacement, 11j/c, where the' dot denOtes differentiation 
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with respect to time. We have 
6 
iw 	f(n)a(fl) exp 1w (t - 	- q.3 (n)z), 
C 	C n=10 	 c 
j = 1, 2,3 
The stress tensor components are given by 
6 
Pjk = —1w 	 - 1 f(n)am(n) ( Cjkm].. 	+ Cjkm3 q3(n) ) 
(2.26) 
exp iw(t - - -q3(n)z) 
j,k = 1,2,3 	 (2.27) 
We form a displacement - stress 6—vector 
!=( Ul 	P335 P312 -ap 32 	 (2.28) 
continuous across each boundary. Placing the origin 
at the(m-1)st interface and putting z = o in 2.26 and 2.27 
we find that the displacement - stress vector at the 
(m-1)st interface is connected to the 6-vector of 
excitation factors for the mth layer s 
	
= (f(l), r(2) .........r(6) ) 	 (2.29) 
by 
m-1 	Em Em (2.30) 
where Em is a 6 x 6 matrix whose elements are 
Ejn= 1w a5 () (n) 	j = 1,2,5, n = 1,.6 
= -1w am(n)(Cs(j)3m1 	+ Cs(j)3m3 q3(n) ) 	(2.31) 
j = 3,11 ,6, n = 1,.6 
and S is the integral function such that s(1) = 5(11) = 
1, s(2) 	s(3) = 3 and s(5) = s(6) = 2. 
Writing z = dm, where d is the width of layer m, 
in 2.26 and 2.27, the displacement - stress vector at the 
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mth interface is connected to the excitation factors 
of the mth layer by 
= Df 	 (2.32) 
	
where the 6 x 6 matrix Dm 	related to the matrix E in	 in 
by 
D. = E. exp(-iwd q.3(n) ), j,n = 1,.6 	 (2.33) 
Eliminating fm from equations 2.30 and 2.32 we have 
Yin = Am!nr-1 	 (2.31 ) 
where Am = D E 1 . For anisotropic layers the matrices 
Am and E 1 cannot be written explicitly but can be 
evaluated numerically. 
For isotropic media matrix equations such as 
2.34 were derived by considering displacement potentials 
of dilatational and rotational waves by Haskell (1953). 
For consistency of formulation we have evaluated 
the isotropic matrices from the above equations by 
substitution of the elastic constant tensor. 
Cijkl 	ij 6k1 + 	ik 	jl + 6i1 ôjjç) 
The roots of the slowness equation in this case 
are 
q(l) = -q(6) = 	rex 	
1 r 	
(2.35) 
q(2) = q(3) = qR) = q(5) = 
where 	 - 
= Jex2 -1 c 	
°rn 
=1J 1_ ex 	c 
C2 
r 	=I2 	1 	 C am m 
il 
c. a m2 in 
and o<
m and am are the P and S velocities in layer in. 
The normalised eigenvectors for the isotropic case, a(n) 
j =1,.3, n = i,.6, arein.3 x 6 matrix form 5 
[ 0 in 	am r 
i - 




a =1 0 	 0 	 1 	1 	0 	 0 in 
I _ 	r< _! 	 ifl 	 4nr 
L c 'U c 0 	 0 	 'U j 
The conponents of the E matrix for an isotropic layer 
a Ejn = c 	5() 	= 1,2,5 	n = 1,.6 
then follow from 2.36. For j = 3,4,6, substitution of 
the isotropic elastic constant tensor into 2.31 gives 
E3 = 	C (A 1 + 211m) cq 3(n) a3(n) + Aa1 (n) ) 
En = 	(Pin (a3(n) + c q.3(n) al(n) ) 	 (2.37) 
E6n = 	(Pin c q3 (n) a2(n) ) 
nl,.6 
The columns of this E matrix are just certain linear 
combinations of the columns of the E matrix of Craurpin (1970). 
The A m matrix is, of course, exactly the same as that of 
Crampin (1970) and will not be given here. 
The displacement - stress vector at the boundary 
of the half-space is connected to the excitation factors of 
the half space by 
v 	=E f. 	 (2.38) —nl 	fl —n 
Repeated application of equation 2.31 gives 
= A_1 A 2 .............. A1v0 	 (2.39) 
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Thus 
= E 1 A_1 An-2 	•A1vo 	
(2.10) 
= Jvo 
where J = E' A_1 ......A1 . Let us suppose the wave incident 
from the half-space is a P wave. The amplitude of the wave 
is at our disposal and we choose it so that the excitation 
factor, n(6)'  is unity. The excitation factors of upgoing 
SV and SH waves are zero. At the free surface traction is 
zero. Thus we can write 2.I0 in component form as 
fn ( 1 ) Jll 	J12 111/c 
21 	22 ........ 
f(3) 0 




J62 ........J66 0 
This gives three simultaneous equations for u, 12 	and 
o = 	 + 42 u3 + J45 a 
C 	 c 	 c 
o = j 
51 
	+ j32 	-+ J55 	
(2.12) 
c c c 
1 = J61 ZLl + J62 	+ J65 
c 	 c c 
which are easily solved for 'j/c and hence Uj. The 
excitation factors of the reflected waves can then be 
calculated. 
If there is no free surface i.e. we have a layered 
system between two half-spaces, then the excitation factors 
in the upper and lower half-spaces are connected by 
CIROM 
= E- A_1 An-2 	 A2 E1 
= G 1 	 (2.43) 
Again, if a P wave is incident from the lower half-space 
we can write 2.113 in component form as 
G11 G12 ..............G16 	o 	- 
o 
= 	 0 (2.44) 
o 
o 	 fl( 5) 
1 	G61 G62 ..............G66 	 f1(6) 
We now have three simultaneous equations for f 1 ( 4), f1 (5) 
and f1 (6) which are easily solved. The, excitation factors of. 
the reflected waves in the lower half-space can then be 
calculated. 
The excitation factors speciy the amplitudes of the 
derived waves and the roots of the slowness equation, 
q3(n), the propagation directions of planes of constant 
phase. If we are interested in the directions of energy 
transport in anisotropic layers we need to calculate the 
energy flux vector. This is given by 
* 	* du.* 
F1 pi j * 
 (245) at 	'  
where all the quantities must be real. For simple harmonic 
vibrations we must take the real parts of our solutions 
or equivalently 
* 
U. 	= 	( uj et + j e" - ) 
1 (2.46) 
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where the bar denotes the complex conjugate. In addition 
we take a time average and set 
F1 = l•m 	
tl1- to 	ft 	
F1 dt 
	
t1-t0-)°° 	 (2.47) 
- - 
For the solutions we have derived above this gives 
F1 = w2 f f ckl (aj qk a1 + a qh al 	 (2.48) 
where f is the excitation factor, a the normal ised. 
particle motion vector and qj the slowness vector. This 
is valid for both propagating and inhomogeneous waves. 
When q1 is real this simplifies to 
F1 = 	f f Cjj] aj qa 	 (2.119) 
These expressions are given by Synge (1956) who also 
shows that the energy flux vector is normal to the 
slowness surface, 
F = grad 0 
where $ is a function of position on the slowness surface. 
The group velocity is thus given by 
w = grad Q = 4 grad 0 	 (2.50) q.grad 	q. grad 	- - 
q. 
We can thus calculate the group velocity vector from the 
energy flux vector. 
The above formulation of propagation of body waves 
has been program 	for a computer and succeeding chapters 
present the results of investigations of anisotropic 
structures where the anisotropic material is olivine. 
CHAPTER 3 
BODY WAVES IN OLIVINE 
3.1 Introduction 
In th is thesis we take the anisotropic medium to be 
olivine and use the elastic constants of a crystal of 
peridot, table 3.1, as given by Verina (1960). These 
constants are almost identical to those of Kuinazawa and 
Anderson (1969) and Graham and Barsch (1969) for dunite. 
The compressional wave velocity anisotropy of olivine is 
about 181o; for transverse waves the velocity anisotropy 
is between 20% and 25% depending on how one defines it. 
The velocities of the three waves along the a, b and c 
crystallographic axes are shown in fig. 3.1. This velocity 
anisotropy is large and the velocity of the congressional 
wave along the crystallographic axis, 9.87 km/s, is certainly 
not typical of P velocities just below the Moho. By using 
olivine as our anisotropic material, we do not thereby 
imply that the elastic constants of olivine are typical 
of the Mantle. Our investigation examines the effects of 
anisotropy that may be of interest in seismology and is 
not an attempt at modelling. 
We use olivine because (1) it is generally regarded 
as the major Mantle constituent, (2) alignment of olivine 
grains is considered the cause of velocity anisotropy observed 
in oceanic refraction studies, (3) there is little evidence 
as to what the form of any anisotropy in the Earth might be, 
and (14) because olivine should show up anisotropic effect 
Table 3.1 
Elastic constants of olivine(orthorhombic),Verma(196.0) 
density = 3.324 gm/crri3 
C1111 = 324.0 	C2222 ='198-0 
	
03333 = 249.Ox 
1122 = 59.0 
0 	=793 1212  
02233 = 7,8.0 
C. 2323 = 66.7 
C3311 = 79.0 
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fig. 3.1 velocities along the crystallographic axes 
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clearly. A more realistic anisotropic model of the Mantle 
must somehow "scale down" the magnitude of the anisotropy 
of olivine. In the Earth this is achieved by having a statistical 
distribution of olivine crystals, other mineral crystals and 
pore spaces in the rock matrix which, on a scale much larger 
than grain sizes, produces a more nearly isotropic effect. 
In fact, in most parts of the Earth the overall elastic 
response must be exactly isotropic to wavelengths of seismic 
interest. However in certain regions, such as the Moho, 
orienting forces might be important, e.g. tectonic forces 
associated with the differentiation of the Crust from the 
Mantle and the creation of the Moho boundary. 
As a more realistic anisotropic medium we might perhaps 
have used the elastic constants of rock samples of hand size 
as determined by ultrasonic measurements or calculated elastic 
constants from rock fabric data and the technique of Crosson 
and.Li.n (1911). Such a study would be of value. However, 
as a first step, we thought it would be more advantageous 
to use a large anisotropy which would produce easily 
recognised anisotropic effects and where we could easily 
relate these effects to the form and magnitude of the 
anisotropy. 
The main differences between body wave propagation 
in isotropic and anisotropic media are that in the latter 
(a) velocities depend on direction, (b) shear waves are 
no longer degenerate and two separate transverse waves 
- 3' - 
propagate with different velocities, (c) energy propagation 
is not along the phase propagation direction and (a) the 
particle motions of the waves in general are neither parallel 
to nor transverse to the propagation direction. These. 
differences can produce seismological effects such as 
azimuthal variation of arrival times, separate arrivals 
of SV and SH waves and generation of anomalous phases. In 
this chapter we examine the magnitudes of (a), (b), (cY and 
(a) for olivine so that we can relate the results of later 
chapters to the basic anisotropy of olivine. 
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3.2 Characteristics of body waves in olivine 
In this section we present slowness, velocity and 
wave surfaces and the particle motion and group velocity 
angles of the three body waves for various planes of 
divine. The angles are defined in fig. 3.2. The x - z 
plane contains the plane to be investigated. By rotating 
about the y-axis we bring the direction to be examined to 
co-incidence with the x-axis. In an isotropic medium, 
therefore, the group velocities of all three propagating 
waves lie in the x- direction and the angles 01  and 	of 
fig. 3.2a are zero. In figures that follow 01  and 
refer to these angles. In an isotropic medium the particle 
motion of the P wave is along the x-direction. The S waves 
are degenerate and their particle motions can be any two 
directions which are perpendicular to each other and in the 
y-z plane. We shall call motion along the z-direction SV 
motion and motion along the y-direction Sil motion. Figure 3.2b 
shows the particle motion angles we shall plot for compressional 
and transverse waves in divine. For a P wave in an isotropic 
medium 02 and 2  are zero. For an SV wave 02 and 2  are zero 
and for an 511 wave 02 is zero and 2 S 90 degrees. In diagrams that 
follow 02 and 2  refer to these angles. 
Figures 3.3, 3.4 and 3.5 show the slowness, velocity and 
wave surfaces for the (o,o,1), (0,1,0) and (1,o,o) planes of 
olivine respectively. Units are km-s for the slowness surface 
and km/s for the other two. For an isotropic medium these 
group velocity 
fig 3.2a group velocity angles 





of a transverse 
wave 
fig 3.2b particle motion angles for compressional 
and transverse waves. 
figure 3.3 	Slowness, velocity and wave surfaces 
for the (o,o,l) plane of olivine. 
Velocity surface and wave surface 
have units kin/s. Slowness surface 
kms. 
The a crystallographic axis is 
horizontal and the b crystallographic 







figure 3.4 	Slowness, velocity and wave surfaces 
for the (o,i,o) plane of olivine. 
The a crystallographic axis is 
horizontal and the c crystallographic 








figure 3.5 	Slowness, velocity and wave surfaces 
for the (l,o,o) plane of olivine. 
The c crystallographic axis is 
horizontal and the b crystallographic 
axis is vertical. 
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figure 3.6 	Particle motion and group velocity 
angles as defined in figure 3.2 are 
plotted for one quadrant of the (o,o,i) 
plane. Zero degrees corresponds to 
the (i,o,o) direction and 90 degrees 
to the (o,l,o) direction. The 
continuous curve is for the longitudinal 
wave. The next most continuous curve 
is for the faster transverse wave and 
the most dashed curve for the slower 
transverse wave. 
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figure 3. T 	Particle motion and group velocity 
angles as defined in figure 3.2 are 
plotted for one quadrant of the 
(o,l,o) plane. Zero degrees corresponds 
to the (i,o,o) direction and 90 
degrees to the (o,o,l) direction. The 
continuous curve is for the 
longitudinal wave. The next most 
continuous curve is for the faster 
transverse wave and the most dashed 
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figure 3.8 	Particle motion and group velocity 
angles as defined in figure 3.2 are 
plotted for one quadrant of the 
(i,o,o) plane. The horizontal 
axis measures the angle from the 
c crystallographic axes. The 
continuous curve is for the 
longitudinal wave. The next most 
continous curve is for the faster 
transverse wave and the most dashed 
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surfaces are concentric circles, the sheets corresponding to 
the shear waves being coincident. The first things to 
note, of course, is the velocity anisotropy and the 
existence of two transverse waves. In fig. 3.3, although 
the scale of the plot makes it difficult to see, the two 
transverse waves along the (l,o,o) direction have 
velocities which differ by 0.05 km/s and the slowness 
curves for the two transverse waves cross. 
The (o,o,i) plane, fig. 3.3, exhibits the largest 
velocity anisotropy for congressional waves and the (o,l,o) 
plane, fig. 3.1, the largest difference between the 
velocities of the shear waves. There is a distinct similarity 
between the surfaces for the (o,o,l) plane and the (0,1,0) plane. 
The (i,o,o) plane "looks" the most isotropic in that the 
curves are more nearly circular. This is confirmed by the 
group velocity and particle motion angles for the three planes 
shown in figs. 3.6, 3.1 and 3.8. Because of the symmetry we 
have plotted the angles only for the quadrant between the two 
crystallographic axes. The deviations of these angles from what 
they would be for an isotropic medium are least for the 
(i,o,o) plane, fig. 3.8. In these figures the most broken line 
corresponds to the slower transverse wave, the other dashed 
line to the faster transverse wave and the continuous 
line to the compressional wave. Thus in fig. 3.6, the crossing 
of the slowness sheetof the transverse waves in the (o,o,1) plane 
mentioned above is shown by the cross-over of the two dashed 
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lines. It is not a step discontinuity because the angles were 
computed at two degree intervals. 
In each of the three planes the group velocities of 
the three body waves are confined to that plane. Off 
planes of symmetry this is no longer true. The graphs 
of angle 01  have basically the same shape for most planes 
and the. deviation of the group velocity from the propagation 
direction for the compressional wave is usually the greatest. 
The maximum value is about 15 degrees. The particle motions 
of the waves in the three planes of symmetry, figs. 3.6, 3.7, and 
3.8, show that one of the transverse waves always has what we 
have defined as SH motion. This is, of course, entirely 
dependent on the defination and we could, for instance, 
have made it SV motion simply by relabelling the axes. 
Thus, an SH wave incident from an isotropic medium on a 
boundary with olivine where the incident plane is a plane of 
symmetry will generate only this transverse wave. The 
particle motion of the compressional wave in these planes 
has part SV type motion, being up to 10 degrees away from the 
propagation direction, and the other transverse wave therefore 
has part P motion. 
For planes which are not planes of symmetry none of the 
waves can be designated as having only P, SV or SH type motion. 
This is shown in figures 3.10, 3011 and 3.12 for the planes 
indicated in fig. 3.9. In these planes each of the three 
ig 3.9a plane in fig 3.10 
b 
fig 3.9b 	plane in fig 3.11 
C 
fig 3.9c plane in fig 3.12 
a 
figure 3. 10 	Particle motion and group velocity 
angles for the plane in figure 3.9a. 
The horizontal axis measures the 
angle from the a crystallographic 
axis. The continuous curve is for 
the longitudinal wave. The next 
most continuous curve is for the 
faster transverse wave and the 
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figure 3.11 	Particle motion and group velocity 
angles for the plane in figure 3.9b. 
The horizontal axis measures the 
angle from the b crystallographic 
axis. The continuous curve is for 
the longitudinal wave. The next 
most continuous curve is for 
the faster transverse wave and the 
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figure 3.12 	Particle motion and group velocity 
angles for the plane in figure 3.9c. 
The horizontal axis measures the 
angle from the c crystallographic 
axis. The continuous curve is 
for the longitudinal wave. The 
next most continuous curve is for the 
faster transverse wave and the most 
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body waves have part F, SV and SH type motions. The predominant 
motion of the compressional wave is along the propagation 
direction but for the transverse waves it is meaningless 
to say that either wave is predominantly SV or SH; it all 
depends on the orientation of the material. Thus a 
P, SV or SH wave incident upon olivine in any of these planes 
will generate all three body waves and in proportions which 
depend on orientation. Exaimles of this for these and other 
planes are contained in later chapters. In this respect 
fig. 3.10 differs from fig. 3.11 and fig. 3.12 in that the 
particle motions at 30 degrees for this plane approximate 
more nearly isotropic media than the other two. 
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3.3 Conclusion 
Most seismological researchers considering anisotropy 
have taken as their model a transversely isotropic medium with 
a vertical axis of symmetry. In such media there is no 
azimuthal variation of elastic properties and body waves 
still have P, SV and 511 type motion. SV and SH phases have 
different velocities but P -SV motion and SH motion are still 
decoupled. Such a model therefore does not explain the 
velocity anisotropy of P n in oceanic refraction studies, 
the coupled Rayleigh-Love second modes of Cra.mnpin (1967), 
or the generation of anomalous phases. Any other 
anisotropic model will include these features to some 
degree. 
In this respect it is interesting to note that one 
of the main features of propagation in anisotropic media 
is the removal of the degeneracy of the shear waves. One 
expects even a very small anisotropy to give definite 
directions to the particle - motions of the shear waves. Thus 
simnpLy by arranging the orientation of the medium suitably 
one can ensure generation of both transverse waves in 
the anisotropic medium by either an SV or SH wave incident 
upon it. We have shown this above for olivine. This is one 
anisotropic characteristic which is preserved even for small 
velocity anisotropy. The question then arises as to what other 
110 - 
anisotropic characteristics would be maintained for media whose 
velocity anisotropy has a more geophysically realistic magnitude 
than olivine. For example the velocity anisotropy of the (l,o,o) 
plane, fig. 3.5, is less than 10% and yet the particle motion 
and group velocity angles still deviate considerably from 
what they would be in an isotropic medium, fig. 3.8. Can 
there be, therefore, an anisotropic medium whose velocity 
anisotropy is 5%, a geophysically reasonable value, and yet 
whose compressional wave particle motion deviates significantly 
from the propagation direction? Such a medium could generate a 
sizeable SH motion from an incident P wave. We leave this 
problem for future investigation and concentrate on the 
ariisotropic effects generated by olivine. 
('TApm'r'P ) 
Reflection and transmission of plane waves at a boundary 
between isotropic and anisotropic half-spaces 
4.1 Introduction 
Reflection and transmission at a plane boundary between 
two 'half-spaces has been' considered by various authors 
(see Ewing et al, 1957, Chapter 3 for a summary). Usually 
the media have been isotropic. Musgrave (1960) presented the 
theory of reflection and transmission of plane waves in 
anisotropic media and showed results of calculations for 
the case of hexagonal symmetry (i.e. transverse isotropy) 
with a free surface. Ahmad (1967a, b), again for transversely 
isotropic media, discussed the amplitude and energy ratios 
of reflected and transmitted waves at a solid-solid 
boundary. 
Two generally anisotropic half-spaces provide a 
very large number of conibinations of orientations for 
examination. It seems likely that forces in the Earth 
are such that a horizontal plane of symmetry would be 
produced. Consequently we restrict our anisotropy, both 
here and in later chapters, to have a horizontal plane of 
symmetry. In this chapter we examine reflection and 
transmission of plane simple harmonic body waves at a 
plane boundary between an isotropic lower half-space and 
an anisotropic upper half-space of divine with a 
horizontal plane of symmetry. This corresponds to 
examining waves incident from a lower Mantle, assumed 
- 	 - 
isotropic, on an anisotropic layer beneath the Moho 
where we are interested only in the division of energy 
at the lower isotropic/anisotropic boundary. Later chapters 
consider the more conlex situations of an anisotropic 
layer sandwiched between two isotropic half-spaces, 
the effects of a free surface and more complicated 
layered structures. 
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14.2 Formulation of problem 
In chapter 2 the theory of plane waves in anisotropic 
media was presented. The displacement, uj, can be written as 
6 
uj = 	f(n) a(n) exp 1w (t - Iç k) j = 1,2,3 	(4. 1) 
where we sum over the six waves and the symbols have the 
same meaning as in chapter 2. We assume, without loss of 
generality, that the incident propagation vector Is in the 
x-z plane, figure 4.1. Then we have q -j = 1/c, where c 
is the horizontal phase velocity, and q2 = o. Solving the 
slowness equation then gives the six values of q3 . In figure 
14.1 the arrows do not necessarily represent rays, i.e. 
directions of energy transport. They indicate directions 
of the propagation vectors, i.e. normals to planes of 
constant phase. In isotropic media these are co -incident 
with ray directions and all rays are coplanar. In figure 
14.1 we have taken the lower medium as anisotropic. When 
it is isotropic two of the arrows are co-incident because 
SV and SH waves have the same reflection angle. 
Equation 2.143 of chapter 2 connects the excitation 
factors in the upper and lower half spaces for reflection 
and transmission through a layered system. Here we have 
only the twoIalf spaces and equation 2.143 becomes 
= E2 1 E1 fl 	 (14.2) 
where subscript, 1, refers to upper half space and 
subscript, 2, to lower half' space. The 6 x 6 matrices are 
VA 
I - propagation vector of incident waves 
1t1 ,R2 ,R3— propagation vectors of reflected waves 
T1 ,T2 ,T3— propagation vectors of transmitted waves 
ID - angle of incidence 
fig 4.1 
- 	 - 
defined as in chapter 2 and f1 and S2 are the 6-vectors of the 
excitation factors. In the incident half space we 
know the three incident excitation factors, e.g. for an 
incident P wave f(-i.) 	= o = f(5) and r(6) 	= 1. In the 
upper half space there are no waves incident on the 
boundary and hence r(i) = f(2) = f(3) = o. We can 
then solve for the excitation factors of the reflected 
and transmitted waves and using equation 4.1 calculate the 
amplitudes of these waves. The square roots of the energy 
ratios, which are proportional to the amplitudes, give a 
better indication of the division of energy between the 
transmitted and reflected waves. We are also interested in 
the direction of propagation of this energy. We thus need to 
calculate the energy fluxes of the waves. The energy flux, 
derived in chapter 2,equation 2.18, is 
1 2 	 - = - w f f ckl (a qk a1 + aj qk a1) 	 (4.3) 
i1,2,3 
This is valid for both propagating and inhoinogeneous waves. 
We use this to calculate the energy flux vectors in the 
anisotropic medium. 
For the isotropic medium we can simplify this 
a good deal. We take the amplitude vectors, aj , to be 
normalised to unity and consider propagating waves where 
both q1 and aj are real, although f may be complex to account 
for phase changes. Then we have 
F1 = w c. . 	f 1' a 	a1 	i = 1,2,3 	(4.4)2 	ijkl 
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Substituting in the isotropic elastic constant tensor 
c±kl = 	ij 6k1 + ( jk 6i + tSIl 6jk) i,j,k,1 = 1,2,3 (14.5) 
and simplyfying we get 
F = .1 2 f ' 
( ( x + p) (q.) + 	9.) 	 (14.6) 
For S waves in an isotropic medium q.a = o. Equation 
14.6 then becomes 
F =W2  f f p(aa),g 	 (4.7) 
and since a has magnitude unity and q = n/a where is the 
shear wave velocity and n a unit vector in the propagation 
direction we finally have 
F=w2 ffp 	 (14.8) 
For P waves in an isotropic medium q is parallel to a 
and thus 
 -anda=ccq=fl 	 (4.9) cc 
The energy flux vector for P waves is then 
F = w2  f f (A + 2) q 	 (14.1o) 
or F= l W2r f pU n 	 (4.11) 
2 
We use equations 14.8 and 14.11 to calculate energy fluxes in 
the isotropic medium. 
Considering a unit area of the boundary between 
the two media, conservation of energy requires that the 
energy incident upon this area equals the energy leaving 
it, Thus the algebraic sum of the z-component of all the 
waves must add to zero. With F ' i = 1,2,3 as the energy 
fluxes of the transmitted waves, F' I = 14,5,6 as the energy 
fluxes of the reflected waves and F' as the incident energy 
- 	 - 
flux we can write this as 
FI 3 	= 	F1 3 	+ 1F23 I + I F3 	+ 1F3 1+ IF5 3  1 + IF6 3 I 
( 1L12) 
where the 3 denotes the z-component. Dividng through by I Fi 3 
we write this as 
+ A + A3 + B 1 2 + B22 + B 3 2 	 (1.13) 
where A1 , A2 , A3 are the square roots of the energy ratios 
of the transmitted waves and B1, B231  B3 the square 
roots of the energy ratios of the reflected waves. We will 
present graphs of the square roots of these energy ratios 
as a function of angle of incidence for various orientations 
of the anisotropic material. 
The propagation vectors of the transmitted waves are 
defined by the slowness vectors; The ray directions, i.e. 
directions of energy transport, and the group velocities 
are defined by the energy flux vector. As in chapter 2, 




- 	 - 
4.3 Results 
Before discussing specific examples we define the 
quantities used. We present results for the square root 
energy ratios as defined above. We are also interested 
in how the group velocity differs in direction from 
that of the propagation vector. In an isotropic medium 
the group velocity vector would be in the x-z plane. 	The 
angle of the group velocity out of the x-z plane is therefore 
of interest. This angle is shown in figure 14.2a. In 
figure 4.2b 0G1 is the projection of the group velocity in 
figure 4.2a onto the x-z plane and OP is in the direction 
of the propagation vector. We call the angle Og the refraction 
angle of the group velocity in the x-z plane, Op the 
refraction angle of the phase velocity and (Og - Op) the angle 
of deviation of the group velocity from the phase velocity. 
In the figures that follow we show how these angles vary with 
angle of incidence and orientation of the olivine. 
The computer program takes a specified lower half 
space, orientation of olivine and incident wave (P, SV or SH) 
and calculates for angles of incidence 0-90 degrees the 
amplitude ratios, the square root of the energy ratios and 
phase changes of the reflected and transmitted waves. For the 
transmitted waves as well as the above quantities it produces 
tables of phase velocity and refraction angle of the phase velocity; 
group velocity, refraction angle of the group velocity in the 
x-z plane, angle of group velocity out of the x-z plane and 
angle between the group velocity and propagation direction; 






fig 1 .2a 
'C- 
- group velocity refraction angle in x-z plane 
GIP - phase velocity refraction angle 
fig 14.2b 
waves. By keeping the specified orientation of the olivine 
as the horizontal plane and rotating the olivine about the 
fixed z-axis we can investigate the azimuthal effect of the 
anisotropy on these characteristics. Graphs of the square root 
of the energy ratios of the reflected and transmitted waves, 
the angle of the group velocity out of the x-z plane, group 
velocity refraction angle, deviation of the group velocity from 
propagation direction and the magnitude of the group 
velocity of the three transmitted waves are drawn with a 
Calcomp graph plotter as a function of angle of incidence and 
for different orientations of the olivine. Some of these 
graphs are presented below. 
We have investigated reflection and transmission of 
P, SV and SH waves incident from the lower half spaces of 
table 1.1 for the cases of (o,o,i), (o,i,o) and (l,o,o) planes 
of olivine horizontal. Together these give 81 pages of 
graphs that we might present. To keep the number at a reasonable 
level we will present a fairly comprehensive account only 
for the (o,o,i) cut of olivine. This is the most anisotropic 
of the planes of symmetry of olivine and produces the largest 
anisotropic effects. We will present only a few graphs of 
the other planes for purposes of comparison with the (o,o,l) 
plane. 
- 1 9 - 
TABLE 4.1 
medium 	density X(10 
10  dynes P(10 10 dynes 4x(kms 1 ) (krns) 
(07n , cnf-3) cm--2) cm2) 
1 	3.6 120 	. 120 10.0 5.77 
2 	3.6 84.29 81.29 8.38 4.83 
3 	3.0 95.25 36.75 7.5 3.5 
Figures 113, 4.4 and 4.5 are graphs for a P wave incident 
from the lower half space (medium 1 in table 11.1) on the 
(o,o,i) plane of olivine horizontal. Each graph contains 
five curves. Thecorrespond to five different azimuths of 
the incident plane with respect to the orientation of the 
divine. This is achieved by rotating the olivine about the 
fixed z-axis so that the specified plane of olivine, the 
(o,o,i) plane in figures 11.3, 11.11 and 11.5, remains in the 
x-y plane while different directions in the (o,o,i) plane are 
brought to co-incidence with the x-axis. Thus in these 
figures the x-axis is the (l,o,o) direction, axes at 30, 
45 and 60 degrees from this direction, arid the (o,l,o) 
direction (i.e. 90 degrees from the (1,0,0) direction) for 
the continuous curve, the next most solid curve and. so on. 
We do not investigate the other quadrants of the (o,o,l) 
plane because of the symmetry of olivine. In examples for 
other planes of olivine the quadrants of these planes are 
investigated as above (seel Appendix). 
In figure 11.3 for the square root energy ratios ,the top 
half of the figure shows the transmitted waves and the bottom 
half the reflected waves. We have not identified either of the 
figure 4.3 	Reflection and transmission square 
root energy ratios for a P wave 
incident upon the (o,o,i) plane of 
oil-vine horizontal. The continuous 
curve is for the (o,i,o) plane of 
olivine in the incident plane (see 
Appendix) and as the curves become 
more dashed the incident plane is 
rotated by 30, 45, 60 and 90 degrees 
from this plane. The lower half-
space is medium 1 in table 4.1. 
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figure 1  4 	Group velocity angles as defined 
in figure 4.2 are plotted for the 
same incident planes as in figure 1.3. 
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figure 11.5 	The magnitude of the group velocity 
and the deviation of the group 
velocity refraction angle from the 
phase velocity refraction angle as 
defined in figure 11.2 are plotted 
for the same incident planes as 
in figure 11.3. 
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transmitted transverse waves as quasi-SV or quasi-SR. 
It is useful to be able to do so. The drawing of the 
graphs in this figure are so ordered that such 
identification can be made by comoarison with the order 
of the reflected waves. Thus the right-hand upper 
reflected wave in figure 11.3 is an SR wave and so the 
right-hand upper transmitted wave is quasi-SR. Similarly 
the right-hand lower reflected wave is an SV wave and the 
right-hand lower transmitted wave is quasi-SV. By 
quasi-SH wave we mean that the particle motion of this wave 
is more like an isotropic SR wave than an SV wave. A 
similar statement holds for the quasi-SV wave. All the 
figures of square root energy ratios can be interpreted 
in this manner. In figures 14.11 and 11.5 the order is that 
the left-hand graphs are for the longitudinal wave, the middle 
graphs for the quasi-SV wave and the right-hand graphs 
for the quasi-SR wave. 
The lower half space, medium 1 in table 11.1, for the 
structure of the figures 14.3,  4.4 and 4.5, is a high velocity 
one as compared with the olivine. In figure 11.3 the azimuthal 
variation of the reflected and transmitted longitudinal 
waves is much smaller than the variation of the transverse waves. 
For an isotropic system the five curves in each graph 
would be co-incident and no reflected or transmitted SR-type 
motion would be generated. When the incident plane is a plane 
of symmetry, the transmitted quasi-SR wave (top right graph) 
- 51 - 
is not generated. This is because the particle motion of 
this wave in these planes is exactly Sil type, as we 
noted in chapter 3. The quasi-SH wave is best generated 
by an incident P wave when the incident plane is 
far from a plane of symmetry. 
In figure 4. 1  the graphs of the group velocity refraction 
angle shows the effect of the velocity anisotropy well. The 
right-hand graph shows the absence of the transmitted 
quasi-Sil wave for incident planes of symmetry. For these 
incident planes the group velocities of the transmitted 
waves are confined to the planes (the angles out of the )c-z 
plane being zero) while away from planes of symmetry the 
waves are bent out of the incident plane by up to 
20 degrees. The angles out of the x-z plane of the 
group velocities of the transmitted transverse waves 
are of opposite sign. That is these waves are bent 
out of the incident plane in opposite directions. For cases 
we have considered this is always so but for other 
orientations and anisotropic media this need not be so, 
Musgrave (1960). Figure 4.5 shows the deviation of 
the group velocity from the phase velocity and the magnitudes 
of the group velocities of the transmitted waves. For 
isotropic media the deviations are zero and the group 
velocities are independent of both the orientation of the 
medium and the angle of incidence. 
Figures 4.6, 4.7 and 4.8 are for the same lower half 
figure l.6 	Reflection and transmission square 
root energy ratios for an SV wave incident 
upon the (o,o,i) plane of divine 
horizontal. The continuous curve 
is for the (o,l,o) plane of olivine 
in the incident plane, and as the 
curves become more dashed the incident 
plane is rotated by 30, 45., 60 and 
90 degrees from this plane (see 
Appendix). The lower half-space is 
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transmitted waves as defined in 
figure 11.2 are plotted for the same 
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figure 11.9 	Reflection and transmission square 
root energy ratios for an SH 
wave incident upon the (0,0,1) plane of 
olivine horizontal. The continuous 
curve is for the (o,l,o) plane of 
olivine in the incident plane and 
as the curves become more dashed 
the incident plane is rotated by 
30, 45, 60 and 90 degrees from 
this plane (see Appendix). The 
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space and plane of olivine but for an incident SV wave. Figure 
4.6 shows how dependent are the energies of the transmitted 
waves on the orientation. When the incident plane is a plane of 
symmetry, one of the possible transmitted transverse waves 
has SH particle motion and so is not generated by the 
incident SV wave. Off planes of symmetry neither of the 
transmitted transverse waves has mostly SV type or SH type 
motion and half the incident energy can go into the 
transmitted quasi-SR wave (top right-hand graph). Note that 
the scales are not the same in each graph. It is quite 
arbitrary to designate either of the transverse waves 
as quasi-SV or quasi-SR away from planes of symmetry. 
This is underlined by the existence of a step discontinuity 
in the graphs of the transmitted transverse waves in figure 
4.6 at incident angle just less than ho degrees for the case 
of 45 degree orientation from the (i,o,o) direction. This is 
caused by the two transverse waves exchanging characteristics, 
i.e. the quasi-SR wave becomes the quasi-SV wave and 
vice versa. The transmitted longitudinal wave exhibits 
considerable variation of magnitude with orientation and 
shows the effect of the velocity anisotropy in the 15 degree 
variation in the position of the critical angle where the 
longitudinal wave ceases to be transmitted. The critical 
angle of the reflected P wave is not affected by the velocity 
anisotropy. 
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Figures 1.7 and 4.8 show the discontinuity associated 
with the interchange of characteristics mentioned above in all 
the graphs of the transverse waves. These two figures 
are similar to figures 4.4 and 11.5 for an incident P wave. 
There is, however, the added complication of the existence of 
critical angles. Thus in figure 11.7 the group velocity 
refraction angle of the longitudinal wave becomes 90 degrees 
at the critical angles and in figure 4.8 the group 
velocities of the "transmitted!' longitudinal wave decays when the 
critical angle is passed. There is, of course, no transmitted 
wave. What is plotted here is the group velocity of the 
associated inhomogeneous wave which is tied to the boundary. 
Figures 11. 11, 4.5 and 4.7,  11.8 are typical of all the cases we 
have examined and we shall omit graphs of these variables 
for other structures. Figure 4.9 shows the square root 
energy ratios for the same structure as before but an incident 
SH wave. This figure is very similar to figure 4.6 for an 
incident SV wave and emphasises the strong coupling of: 
incident S waves with both transmitted transverse waves. 
Figures 14.10, 14.11 and 11.12 show the square 
root energy ratios for P, SV and SH waves incident upon the 
(o,o,l) plane of olivine horizontal from the lower 
half space, medium 2 in table 14.1. This lower half space 
is a high velocity medium for some orientations of the 
(o,o,l) plane and a low velocity medium for others. This 
Figure 11.10 	Reflection and transmission square 
root energy ratios for a P wave 
incident upon the (o,o,i) plane of 
olivine horizontal. The lower 
half-space is the intermediate 
velocity half-space, medium 2 
in table 11.1. The continuous 
curve is for the (o,l,o) plane of 
olivine in the incident plane, and 
as the curves become more dashed 
the incident plane is rotated 
30 1  115, 60 and 90 degrees from this 
plane (see Appendix). 
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figure 4.11 	Reflection and transmission square 
root energy ratios for an SV wave 
incident upon the (o,o,1) plane of 
olivine horizontal. The lower 
half-space is the intermediate velocity 
half-space, medium 2 in table 4.1. 
The incident planes are the same as 
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figure 4.12 	Reflection and transmission square 
root energy ratios for an SH wave 
incident upon the (o,o,i) plane of 
olivine horizontal. The lower half-
space is the intermediate velocity 
half-space, medium 2 in table 1 .1. 
The incident planes are the same as 
in figure 11.10. 
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figure 4.13 	Reflection and transmission square 
root energy ratios for a P wave 
incident upon the (o,o,i) plane 
of olivine horizontal. The lower 
half-space is the low velocity 
half-space, medium 3 in table 14.1. 
The incident planes are the same as 
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figure 4.1 14 	Reflection and transmission square 
root energy ratios for an SV wave 
incident upon the (o,o,i) plane of 
olivine horizontal. The lower 
half-space is the low velocity 
half-space, medium 3 in table 4.1. 
The incident planes are the same as 
in previous figures. 
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figure 4.15 	Reflection and transmission square 
root energy ratios for an SH wave 
incident upon the (o,o,i) plane of 
olivine horizontal. The lower 
half-space is the low velocity 
half-space, medium 3 in table 4.1. 
The incident planes are the same as 
in previous figures. 
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is reflected in figure 4.10 where the transmitted longitudinal 
wave has critical angles for some directions and not others. 
Figure 14.11, for an incident SV wave, is complicated due 
to the combined effects of the high velocity/low velocity 
property exhibited in the critical angles, the 
interchanging of quasi-SV and quasi-SH property shown by the 
step discontinuities (two of them) and the variation of the 
coupling of the incident SV wave with the transmitted quasi-SH 
wave with the orientation. Figure 14.12, for an incident SH 
wave, is similar to figure 4.11 and similar remarks apply. 
In figure 14.12, however, the quasi-SV wave has no critical angles 
while the quasi-SH wave always has. There is thus always a 
transmitted wave. For an incident SV wave, figure 14.11, 
on the other hand there are no transmitted waves for angles of 
incidence beyond about 78 degrees when the (o,l,o) plane is the 
incident plane (the continuous curves). 
Figures 14.13, 14.111 and 14.15 show the square root energy 
ratios for P, SV and SH waves incident from the lower half 
space, medium 3 in table 14.1, on the (o,o,l) plane of olivine 
horizontal. This lower half space is a low velocity medium. 
Thus an incident P wave generates a transmitted longitudinal wave 
whose critical angles vary in position by almost thirty degrees. 
There is a step discontinuity in the graphs of the transmitted 
transverse waves where an exchange of quasi-SV/q .uasi-SH wave 
- 55 - 
characteristics takes place. A quarter of the incident energy 
for this case goes into the transmitted quasi-SH wave. 
Figures 14.14 and 4.15 show that no waves are transmitted 
beyond about 50 degrees angle of incidence. We can shift 
the positions of critical angles by varying the velocities 
of the lower half space with respect to the velocities of 
the waves in the olivine. 
In chapter 3 we noted a marked similarity between 
the anisotropic characteristics of the (o,o,l) and (0,1,0) planes 
of olivine. We therefore expect that reflection and 
transmission of plane waves where the (o,l,o) plane of olivine 
is horizontal would be similar to that of the (o,o,i) plane. 
To illustrate this figures 14.16 and 14.17 show the 
square root energy ratios for P and SH waves incident from the 
high velocity half space on the (o,1,o) plane of olivine 
horizontal. These two figures are to be compared with 
figures 11.3 and 14.7 for the (o,o,i) plane horizontal. We 
also noted in chapter 3 that the (i,o,o) plane "looked" the 
most isotropic of the three symmetry planes of olivine. Figures 
11.18, 4.19 for P and SV waves incident from the high 
velocity lower half space illustrates this. The azimuthal 
variations are very small. Figure 14.19 shows the effects of 
the particle motion angles shown in figures 3.10 of chapter 3. 
It is only for nearly vertical incidence that an incident 
SV wave is strongly coupled to the transmitted quasi-SH wave. 
At wider angles of incidence the particle motions more nearly 
approximate to isotropic particle motions and the generation of 
quasi-SH by the incident SV is small. It is interesting to note, 
figure 4.16 	Reflection and transmission square 
root energy ratios for a P wave incident 
upon the (0,1,0) plane of olivine 
horizontal. The lower half-space 
is the high velocity half-space, 
medium 1 in table 11.1. The continuous 
curve is for the (0,0,1) plane of 
olivine in the incident plane and as 
the curves become, more dashed the 
incident plane is rotated 30, 45, 
60 and 90 degrees from this plane 
(see appendix). 
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figure 4.17 	Reflection and transmission square 
root energy ratios for an SE wave 
incident upon the (o,i,o) plane of 
olivine horizontal. The lower 
half-space is the high velocity 
half-space, medium i in table 4.1. 
The incident planes are the same as 
in figure 4.16. 
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figure 14.18 	Reflection and transmission square 
root energy ratios for a P wave 
incident upon the (1,0,o) plane of 
olivine horizontal. The lower 
half-space is the high velocity 
half-space, medium 1 in table 14.1. 
The continuous curve is for the 
(o,l,o) plane of' .  olivine horizontal 
and as the curves become more 
dashed the incident plane is 
rotated by 30, 45,  60 and 90 
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root energy ratios for an SV wave incident 
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figure 1.18. 
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however, that even for this most isotropic plane 
considerable "anomalous" waves can be generated. 
- 51 - 
4.4 Conclusion 
Compared with reflection and transmission in isotropic 
media anisotropy complicates the situation in basically 
three ways. There is an azimuthal variation of properties 
caused by both the velocity anisotropy and the variation of 
particle motion angles with orientation. The reflection and 
transmission coefficients have an azimuthal variation caused 
by the velocity anisotropy just as different velocities will 
give different coefficients in the isotropic case. The 
velocity anisotropy also causes variations in the refraction 
angles and critical angles. 
The variation of the particle motion angles has a much 
larger effect on the reflection and transmission coefficients 
and also causes the second complication of the introduction 
of reflected and transmitted waves not found in isotropic 
media. Thus incident P, SV and Sil waves can generate all three 
possible body waves in the olivine in considerable amounts. 
When the incident plane is a plane of symmetry, however, 
SH motion is still decouple.d from P-SV type motion. The 
particle motion of the longitudinal wave in olivine deviates 
from the propagation direction by at most about 10 degrees. 
A P wave incident upon olivine does not therefore generate 
large amplitude quasi-SH.waves. 	In the cases we have 
examined the maximum amount of incident energy that goes into 
the quasi-SH wave is about 25%. This does not mean that 
generation of SH waves by P waves is negligible as we shall see 
in the next chapter. For the transverse waves the situation is 
very different. In certain directions designating the 
transverse waves as quasi-SH or quasi-SV is arbitrary. 
Incident SH waves can thus generate large amplitude quasi-SV 
waves and incident SV waves large amplitude quasi-Sil waves.' 
The variation of particle motions with orientation therefore 
produces, a much larger effect on the reflection and 
transmission coefficients than the velocity anisotropy. 
The third complication introduced by anisotropy is 
the bending of the transmitted waves out of the incident 
plane. This effect can be quite large, up to twenty degrees. 
CHAPTER 5 
Relfection and transmission by layered structures 
5.1 Introduction 
In chapter it we considered reflection and transmission 
at a single boundary between an isotropic lower half space 
and an anisotropic upper half space. This corresponded 
to a wave incident upon an anisotropic layer beneath the 
Moho from an isotropic lower Mantle where we were 
interested only in the division of energy at the lower 
boundary. In this chapter we include the effect of 
the upper boundary of the anisotropic layer. 
We investigate reflection and transmission by a 
layer of olivine sandwiched between two half spaces. 
Because the upper and lower half spaces are isotropic 
we can identify the usual P, SV and SR waves and 
thus clearly see the effect of the anisotropy on the 
generation of "anomalous" phases. In chapter 14 we 
considered lower half spaces which had high, low and 
intermediate velocities as compared with the olivine. 
In this chapter we take a high velocity lower half space 
because this is probably the most geophysically realistic 
and to keep the nuthber of figures to a reasonable level. 
We present a fairly comprehensive account only for 
the case of the (o,o,i) plane of olivine horizontal. 
Examples for the other two planes are presented for 
comparison. 
wam 
Ibrahim (1911) has studied the reflection and 
transmission by a multi-layered Core-Mantle boundary 
using the Thompson-Haskell method. His results have been 
used to test the computer program we have written. For 
certain orientations of the olivine, large angles of 
incidence and high frequency waves (or equivalently 
thick layers) the program experiences real overflow 
for incident shear waves. Specifically for a 30 km layer 
of olivine and angles of incidence greater than about 
80 degrees the overflow problem occurs for periods less 
than about 1.5 seconds. 
We have also investigated the effect of more layers 
and thinner olivine layers on the magnitudes of the 
anisotropic effects. Some figures are shown to 
illustrate this. Finally, to see how the anisotropic 
effects on plane harmonic waves affect pulse propagation, 
theoretical seismograms for the propagation of damped 
sine wave pulses through a layer of olivine are 
presented. 
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5.2 Energy ratios of reflected and transmitted waves 
We have presented the formalism for calculating the 
excitation factors of reflected and transmitted waves 
in chapter 2 and the formulae for calculating the 
energy fluxes in chapter 3. The reader is referred 
there for details. 
Figures 5.1, 5.2 and 5.3 show the square root 
energy ratios of the transmitted and reflected waves 
for a P wave incident upon the (o,o,l) plane of olivine 
horizontal for model 1 in table 5.1 andr periods of 
0.5, 2.5 and 15 seconds respectively. There are five 
curves in each graph corresponding to five different 
azimuths of the incident plane with respect to the 
(o,o,i) plane of the olivine. When the incident plane 
is a plane of symmetry no SH waves are generated. This 
has been noted in the previous chapter and is due to 
the particle motion of the quasi-SH waves having only 
SH motion for planes of symmetry. 
The curves in figure 5.1 for a 0.5 second period 
wave are ragged due to interference effects between upgoing and 
dovngoing waves in the olivine layer. The thickness of the 
olivine layer is about 19 times the wavelength. As the 
period increases, figures 5.2, and 5.3, this interference 
is smoothed out. One intuitively expects that as the 
wave period becomes greater the wave would "see" the 
anisotropic layer less. However for a 15 second wave, 
figure 5.3, the magnitude of the transmitted SH wave is not 
TABLE 5.1 
Model Layer Thickness 0< p 
No. No. km. km/s km/s gm/cm 3 
1 1 CO 6.3 3.7 2.9 
2 30 divine 3.32 1 
3 oo 10.0 5.7 3.6 
2 1 00 6.0 3.0 2.65 
2 10 7.0 4.O 2.9 
3 10 olivine 3.32 1 
it 10.0 5.7 3.6 
3 1 00 6.4 3.7 2.9 
2 33 8.25 14.76 3.324 
3 00 10.0 .5.7 3.6 
figure 5.1 	Reflected and transmitted square 
root energy ratios for a P wave 
incident on the (o,o,i) plane of 
olivine horizontal in model 1 
of table 5.1. Period is 0.5 seconds. 
The continuous curve is for the 
(o,1,o) plane of olivine in the 
incident plane and as the curves become 
more dashed the incident plane is 
rotated by 30, 45, 60 and 90 degrees 
(see Appendix) from this plane. 
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figure 5.2 	Reflected and transmitted square 
root energy ratios for the same 
structure and incident wave as 
in figure 5.1. Period of 
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figure 5.11 	Reflected and transmitted square 
root energy ratios for P wave 
incident upon the (o,i,o) plane 
of divine horizontal in model 1 
of table 5.1. Period of wave is 
0.5 seconds. The continuous 
curve is for the (l,o,o) plane of 
olivine in the incident plane and 
as the curves become more dashed the 
incident plane' is rotated by 30, 60 
and 90 degrees. There is no 
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root energy ratios for sa 
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in figure 5.. The period of 
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figure 5.6 	Reflected and transmitted square 
root energy ratios for P wave incident 
upon the (i,o,o) plane of olivine 
horizontal in model 1 of table 5.1. 
Period of wave is 0.5 seconds. The 
continuous curve is for the (0,1,0) 
plane of olivine in the incident plane 
and as the curves become more dashed the 
incident planes are rotated by 30, 
60 and. 90 degrees from this plane 
(see Appendix). 
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much smaller than that for a 0.5 second wave, figure 5.1. 
For a structure with only a single layer keeping the 
layer thickness constant and increasing the period is 
equivalent to keeping theperiod constant and decreasing 
the layer thickness. Thus a fifteen second wave and 
30 km thick layer is equivalent to a 1 second wave and a 
2 km thick layer. Even a 2 km layer of olivine thus 
generates significant SR waves. Figure 5.2for a 2.5 
second wave exhibits considerable variation with orientation, 
especially for the reflected P wave. For the (o,i,o) plane as 
the incident plane (continuous curve) there is a decrease 
in the reflected P wave square root energy ratio at 
about 80 degrees. The graphs were plotted every 
2 degrees beginning with an angle of incidence of 
0.1 degrees. The last point plotted is therefore for 
88.1 degrees and the figure does not show well the final 
increase in the reflected P wave. 
Figures 5.4 and 5.5 are for the same model but with 
the (o,i,o) plane of olivine horizontal.. Note that in these 
figures there are only 4 curves per graph. The orientation 
of the incident plane rotated 4 5 degrees from the (i,o,o) 
plane is not plotted. These two figures again demonstrate 
the similarity between the (o,o,l) and (o,i,o) planes of 
olivine. In figure 5.5 for 2.5 second wave the reflected 
P wave shows a decrease for the (l,o,o) incident plane 
(continuous curve) similar to that noted above. The 
subsequent increase is however clearly shown. Figure 5.6 
-63 - 
is for the same model but with the (i,o,o) plane of 
olivine horizontal. The transmitted and reflected 
SH waves are considerably smaller for this plane than 
the other two 
Figures 5.7, 5.8 and 5.9 are for an SV waver 
of periods 5, 8 and 13 seconds respectively incident 
upon the (o,o,l) plane of olivine horizontal. The 
pronounced effect of the anisotropy on S waves noted 
in chapter 1 is again shown in these figures. When the 
incident plane is a plane of symmetry SV waves generate 
no SR motion. Off planes of symmetry the transmitted 
SH wave can have a greater magnitude than that of the 
transmitted SV wave. Note that the scales are not the 
sane for each graph. This coupling of SV and SR waves 
introduced by the anisotropy produces a much 
greater variation with orientation of the incident 
plane than is exhibited in the case of incident P waves. 
In contrast with the case of incident P waves, the 
magnitude of the transmitted SI-I waves diminishes quite 
rapidly with increasing period. Figures 5.10 and 5.11 
are for SV waves incident upon the (0,1,0) plane of 
olivine horizontal at periods of 3 and 8 seconds respectively. 
The magnitudes of the anisotropic effects are similar to 
those of the (o,o,l) plane. In contrast to the (o,o,i). 
and (o,i,o) planes which generate large amplitude SR 
figure 5 .7 	Reflected and transmitted square 
root energy ratios for an SV wave 
incident upon the (o,o,i) plane 
of olivine horizontal in model 1 
of table 5.1. Period of the 
wave is 3 seconds. The continuous 
curve is for the (o,1,o) plane of 
olivine in the incident plane and 
as the curves become more dashed 
the incident planes are rotated 
by 30, 45, 60 and 90 degrees from 
this plane (see Appendix). 
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figure 5.8 	Reflected and transmitted square 
root energy ratios for an SV wave 
for the same structure as in 
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figure 5.9 	Reflected and transmitted square 
root energy ratios for an SV wave 
for the same structure as in 
figure 5.7 but for a period of 
13 seconds. 
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figure 5.10 	Reflected and transmitted square 
root energy ratios for an SV incident 
upon the (o,i,o) plane of olivine 
horizontal in model 1 of table 5.1. 
Period of the wave is 3 seconds. The 
continuous curve is for the (l,o,o) 
plane of olivine in the incident plane 
and as the curves become more dashed 
the incident planes are rotated by 
30 2 45, 60 and 90 degrees from this 
plane (see Appendix). 
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figure 5.11 	Reflected and transmitted square 
root energy ratio for an SV wave 
for the same structure as in figure 
5.10 but for a period of 8 seconds. 
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figure 5.12 	Reflected and transmitted square 
root energy ratios for an SV wave 
incident upon the (i,o,o) plane of 
olivine in model 1 of table 5.1.. Period 
of wave is 3 seconds. The continuous 
curve is for the (o,l,o) plane of 
olivine in the incident plane and 
as the curves become more dashed the 
incident plane is rotated by 
30, 145, 60 and 90degrees from this 
plane. 
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Figure 5 .13 	Reflected and transmitted square 
root energy ratios for an SH wave 
incident upon the (o,o,i) plane of 
olivine horizontal in model 1 
of table 5.1. Period of wave is 
3 seconds. The incident planes are 
the same as in figure 5.7. 
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figure 5.14 	Reflected and transmitted square 
root energy ratios for an SH wave 
incident upon the (o,i,o) plane of 
olivine horizontal in model 1 of 
table 5.1. Period of wave is 3 
seconds. The incident planes are 
the same as in figure 5.10. 
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figure 5.15 	Reflected and transmitted square 
root energy ratios for an SH wave 
incident upon the (i,o,o) plane of 
olivine horizontal in model 1 of 
table 5.1. Period is 3 seconds. 
The incident planes are the same 
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figure 5.16 	Reflected and transmitted square 
root energy ratios for a P wave 
incident upon (o,o,1) plane of 
olivine horizontal in model 2 of 
table 5.1. Period of wave is 1 
second. The orientation of the 
incident planes with respect to the 
olivine are the same as in previous 
figures (see Appendix). 
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figure 5.17 	Reflected and transmitted square 
root energy ratios for an SV wave 
incident upon the (o,o,i) plane 
horizontal, in model 2 of table 5.1. 
The incident planes are the same as 
in figure 5.16. 
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figure 5.18 	Reflected and transmitted square 
root energy ratios for an SH wave 
incident upon the (o,o,i) plane 
horizontal in model 2 of table 5.1. 
The incident planes are the same as 
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waves from incident SV waves,the (i,o,o) plane, figure 5.12, 
generates SH waves only weakly. This is consistent with the 
results for this plane in chapter 4. 
There is a dual relationship between the ability of 
SV waves to generate Sil motion and the ability of SH 
waves togenerate SV motion. Both are large or. small 
together. This is illustrated in figures 5.13, 5.14 and 
5.15 for SHwaves incident upon the (o,o,l), (o,i,o) and 
(1,0,0) planes of olivine horizontal respectively. 
SV waves incident on the (o,o,l) and (o,l,o) planes 
generate large SH waves, figures 5.7 and 5.10. Thus SH 
waves incident on these two planes generate large SV waves, 
figures 5.13 and 5.14. On the other hand SV waves incident 
on the (l,o,o) plane horizontal generate small SH waves and 
consequently SH waves incident on this plane, figure 5.15, 
generate small SV waves. 
So far we have considered a model with a single layer of 
olivine sandwiched between two isotropic half-spaces. As the 
period increases for constant layer thickness (or alternatively 
the layer thickness decreases for constant wave period) the 
effect ofthe anisotropy decreases appreciably for S waves 
and less so for P waves. Adding more layers to the 
structure might also "dilute" the effect of the anisotropy. 
This is true although the effect is only slight. Figures 
5.16, 5.17 and 5.18 for P, SV and SH waves respectively 
incident on the (o,o,l) plane of olivine horizontal 
illustrates this. These figures are for model 2 in table 5.1 
- 65 - 
where, there is a 10 km layer of olivine. The P generated 
Sil wave in figure 5.16 is of a similar magnitude to cases 
shown before. The decrease in the magnitudes of the SV-
generated SR wave, figure 5.11, and the SR-generated 
SV wave, figure 5.18, conuared with those shown before 
can be accounted for almost entirely by the thinner 
layer of oil -vine. The extra layer has almost no effect 
on the magnitudes of these "anomalous" phases. 
5.3 Propagation of pulses through a layer of olivine 
To see how the magnitudes of the transmitted waves 
shown above for harmonic waves manifest themselves in 
pulse propagation, this section presents theoretical 
seismograms of the waves transmitted through a layer of 
olivine by an incident damped sine wave pulse. The 
structure we consider is model 1 in table 5.1. The 
theoretical seismograms are calculated using a Fast 
Fourier Transform. The procedure is to form a time series 
of the input pulse, transform into the frequency domain, 
calculate the transfer function of the system for the x,y and 
z components, multiply each of these by the input spectrum 
and transform back into the time domain. The length of the 
input series is never taken as less than 50 times the basic 
frequency of the input damped si'he wave so that the 
signal is damped to zero weilbefore the end of the 
series. The sampling frequency is never less than 10 times 
the basic frequency of the sine wave so that no aliasing 
occurs. However since the Nyquist folding frequency is the 
highest frequency in the calculated spectrum, the neglect 
of higher frequencies in the input spectrum produces 
a slight Gibbs phenomenon which is just noticeable in the 
figures. In all the figures that follow the theoretical 
seismograms have been computed at a distance of 30 km 
above the layer. 
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Figure 5.19 shows the theoretical seismogram produced 
by incident F, SV and SF1 waves for an isotropic medium, 
model 3 in table 5.1, and an angle of incidence of 
30 degrees. Incident P and SV waves generate no SIT 
motion (y-component) and incident SIT waves produce 
only SIT motion. In the P wave seismogram the first 
phase on both the x and z components has travelled as a 
P wave in the layer and in the upper half-space. The 
two phases following have their largest motion on 
the x-component. At this angle of incidence P waves 
have their greatest component as the z-component, and so 
these two phases are identified as SV waves. The first has 
travelled as a P wave in the layer and thus arrives 
earlier than the second phase which has travelled as an 
SV wave in the layer. The amplitude of the phase which 
has travelled as S  in the layer and P in the upper 
half-space has, as one intuitively expects, so small 
an amplitude that it does not register in the seismogram. 
The incident SF1 wave seismogram produces only an SIT 
pulse. This pulse shows the shape of the damped sine wave 
which is theinpixt of all the seismograms we shall 
present. 
For the incident SV wave seismogram the largest 
amplitude arrival on both the x and z components has 
travelled as SV in the layer and SV in the upper half 
space. The particle motions of the two preceding phases 
figure 5.19 	Pulse shapes of P,SV and SH waves 
transmitted through an isotropic 
structure (model 3 in table 5.1). 
The input pulse shape is given by 
u(t) = exp—(2rrft/k) 2 sin 2rrft. 
where u is the displacement, 
t is the time and f is the 
frequency. The factor k controls 
the damping and in all pulses in 
this thesis k 	.. The frequency in 
this figure is 1 Hz. The angle of 
incidence is 30 degrees. 
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figure 5.20 	Theoretical seismogram for a 1 second 
period input P pulse in model 1 of 
table 5.1 with the (o,o,i) plane of 
olivine horizontal. The top three 
seismograms are for the (0,1,0) plane 
of olivine as incident plane and the 
lower seismograms for incident planes 
rotated at 15 degree intervals from 
this plane (see Appendix). The angle 
of incidence is 30 degrees. 
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figure 5.21 	Theoretical seismograms for a 1 second 
P pulse incident upon the (o,i,o) plane 
of olivine horizontal in model 1 of 
table 5.1. The top three seismograms 
are for the (1,0,0) plane of 
olivine as incident plane and the lower 
seismograms for incident planes rotated 
at 15 degree intervals from this 
plane. The angle of incidence is 30 
degrees. 
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figure 5.22 	Theoretical seismograms for a 1 second 
P pulse incident upon the (i,o,o) plane 
of olivine horizontal in model 1 of 
table 5.1. The top three seismograms 
are for the (0,1,0) plane of olivine 
as incident plane and the lower 
seismograms for incident planes 
rotated at 15 degree intervals from 
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identify them as P waves. The first has travelled as a 
P wave in the layer and thus arrives before the second which 
has travelled as SV in the layer. The phase which has 
travelledas P in the layer and SV in the upper half-space 
has so small an amplitude that it does not register. 
The reverberations in the layer also have negligible 
amplitude and are not seen. We have discussed the 
isotropic case in detail because these basic features 
are maintained in the anisotropic case. The anisotropy 
produces extra phases and a variation of the seismogram 
with orientation of the incident plane. We shall discuss 
these features. 
Figures 5.20, 5.21 and 5.22 are the seismograms 
produced by a P wave incident at - an angle of 30 degrees on the 
(o,o,l), (o,l,o) and (.l,o,o) planes of olivine 
horizontal respectively. There are seven seismograms 
in each figure corresponding to seven orientations of 
the incident plane with respect to the olivine. Figure 
5.20 for the (o,o,i) plane shows the arrival of 
two SH pulses on the y-component. The first has 
travelled as quasi-P in the olivine and has a much 
smaller amplitude than the second,which the shape of the 
pulse shows is a superposition of two phases which have 
travelled as quasi-SV and quasi-SH waves in the olivine 
layer. 	The near identity of the velocities of these 
two waves in the olivine means that they do not separate 
S . 
out into two arrivals. The SN waves generated for the 
(o,1,o) and (i,o,o) cases, figures 5.21, 5.22, are 
much smaller. The first one especially is hardly 
noticeable. These SHwaves have largest aiilitudes when 
the plane of incidence is furthest from a plane of 
symmetry. No SH waies are generated for an incident 
plane of symmetry. 
The x-cononents in these figures show the arrival 
of three pulses just as in the isotropic case. The 
anlitudes of the pulses can be greatly dependent 
on the orientation of the incident plane with respect to 
the olivine. In figure 5.20 forthe (o,o,l) plane the 
last pulse, when the incident plane is not a plane 
of symmetry, is a superposition of two phases. 
One has travelled as quasi-SV in the olivine and the 
other as quasi-SH. The other two planes do not show 
this superposition effect. 
Figures 5.23, 5.24 and 5.25 are for an SV wave 
incident at an angle of 30 degrees on the (o,o,i), 
(o,i,o) and (i,o,o) planes of olivine horizontal 
respectively. Off incident planes of symmetry a large 
anlitude SH pulse is generated, although the 
amplitude for the (1,0,0) plane is smaller than for the 
other two planes. The SN-pulse is a superposition of two phases one 
of. which has travelled as quasi-SV in the olivine while the 
other has travelled as quasi-SN. For some orientations this 
figure 5.23 	Theoretical seismograms for a 1 second 
SV pulse incident at 30 degrees upon 
the (o,o,i) plane of olivine horizontal 
in model 1 of table 5.1. The incident 
planes are the same as in figure 5.20. 
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figure 5.24 	Theoretical seismograms for a 1 second 
SV pulse incident at 30 degrees 
upon the (o,i,o) plane of olivine 
horizontal in model 1 of table 5.1. 
The incident planes are the same as 
in figure 5.21. 
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figure 5.25 	Theoretical seismograms for a 1 
second SV pulse incident at 30 
degrees upon the (1,o,o) plane of 
olivine horizontal in model 1 of 
table 5.1. The incident planes are 
the same as in figure 5.22. 
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figure 5.26 	Theoretical seismogram z for a 
1 second SH pulse incident at 
30 degrees upon the (o,o,i) plane 
of olivine horizontal in model 1 
of table 5.1. The incident planes 
are the same as in figure 5.20. 
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'figure 5.21 	Theoretical seismograms for a 
1 second SH pulse incident at 
30 degrees upon the (o,i,o) plane of 
olivine horizontal in model 1 of 
table 5.1. The incident planes are 
the same as in figure 5.21. 
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figure 5.28 	Theoretical seismograms for a 
1 second SH pulse incident at 
30 degrees upon the (i,o,o) plane 
of olivine horizontal in model 1 
of table 5.1. The incident planes 
are the same as in figure 5.22. 
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figure 5.29 	Theoretical seismograms for a 
second SH pulse incident at 30 
degrees upon the (00,1) plane of 
olivine horizontal in model 1 of 
table 5.1. 
INCIDENT 5H WAVE 
•y -COMPONENT 
. 
h A -.'  
Z_CO MI D DNEN1 	 X_LCU1PONENT 
-v 
- To - 
double arrival is almost separated out into two phases. Away 
from incident planes of symmetry, the SV pulse on both 
the x and z components also shows a double arrival and for the 
same reason. This double arrival of the SV pulse does 
not exist for the (1,0,0) case, figure 5.25. The pulse 
which arrives just before the SV pulse also shows a double 
arrival. It is a superposition of two P waves which have 
travelled as quasi-SV and quasi-SH in the olivine layer. 
Figures 5.26, 5.27 and 5.28 are for an 311 wave 
incident at an angle of 30 degrees on the (o,o,1), (o,l,o) 
and (1,0,0) planes of olivine horizontal respectively. 
The incident SH wave generates both SV and P arrivals. 
The (1,o,o) plane, figure 5.28, again shows great 
dissimilarities to the (o,o,l) and (o,l,o) planes. 
Both the SH and SV pulses are double arrivals which are 
sometimes completely separated out into two phases.. 
All the figures in this section have been for incident 
pulses which are 1 second period damped sine waves. 
At this period double arrivals are sometimes entirely 
separated out. For longer period pulses this is no 
longer true. Figure 5.29 is for a 4 second period input 
SH pulse on the ( .o,o,l) plane of olivine horizontal. On the 
x-compbnent the two arrivals cbm.bine to make the first swing of the 
SV pulse much sharper than the second swing which is broadened 
out. On the y-component this effect is not evident. Instead 
the SH pulse often begins with a noticeable "hump". 
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In all the figures presented in this section, the 
seismograms in each figure have been normalised to the 
maximum amplitude in the first seismogram of each 
figure as unity. Thus the amplitudes of the phases in 
each figure are comparable although comparisons of 
amplitudes of phases in different figures may not be. 
CHAPTER 6 
Propagation in structures with a free surface 
6.1 Introduction 
The Thompson-Haskell matrix method, Haskell (1953), 
and its formulation in terms of propagator matrices by 
Gi]bet..and Backüs (1966) has been used and developed 
by many authors for the calculation of surface wave 
propagation and theoretical seismograms in layered 
structures. In this chapter we use the extension of 
Thompson-Haskell method, (Crainpin 1970), as presented 
in chapter 2to calculate the surface motion due to plane 
P, SV and SH pulses incident upon a layered crust-mantle 
model with a layer of olivine beneath the Moho. 
The effect of a layered crust on the reflection of 
P and S waves and the polarisation of S waves has been 
studied by Haskell (1960, 1962), Nuttli (196 1 ) and Hattori 
and lida (1973). HanriQn (196 1 ) and Robinson and Costain 
(1967), for isotropic and transversely isotropic structures 
respectively, computed the surface motion due to P waves 
incident upon a layered crustal system. Fuchs (1966), 
Kogeus (1966) and Hudson (1969a, b) considered the surface 
motion due to distant sources in a layered isotropic Earth. 
There are considerable difficulties in computing theoretical 
seismograms for point sources in anisotropic media and in 
this chapter we use the approach of Hannon (196 14) and Robinson 
and Costain (1967). 
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The concept of crustal transfer function was 
introduced by Phinney (1964) who used it to determine the 
crustal structure from long period P waves. Utsu (1966), 
Fernandez and Carega (1968), Ellis and Basham (1968), 
Kurita (1969) and Hasegawa (1969, 1970), among others, 
have attempted to correlate the predictions of the 
Thompson-Haskell formulation with observed spectra. While 
results for long periods are satisfactory, difficulties 
are encountered with short periods leading to the conclusion 
that the assumed model of plane, isotropic layers is not 
valid. Anomalous P/SV amplitudes and P-SH conversion 
has been attributed by some authors to scattering due to 
inhomogeneities and dipping boundaries. Anisotropy 
is a factor which might be of importance and in this 
chapter we present examples of theoretical transfer functions 
for anisotropic structures. 
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6.2 Theoretical seismograms 
The theory for computing the surface motion due to an 
incident, plane, harmonic body wave in a layered anisotropic 
structure was presented in chapter 2 and the procedure 
for calculating the theoretical seismogram by Fast 
Fourier Transform outlined in chapter 5. As in chapter 5, 
the input pulse in this section is a heavily damped sine 
wave. 
Figure 6.1 shows the theoretical seismograms for a 
P pulse incident at an angle of 30 degrees upon the (o,o,i) 
and (i,o,o) planes of olivine horizontal in model 1 of 
table 6.1. This model is similar to one used in chapter 
5, the only addition being a free surface which introduces 
arrivals due to reverberations in the layering. Note that 
in this figure and those that follow, seismograms for five 
orientations of the incident plane are shown. In figure 
6.1 and others the range of orientation shown is not a 
complete quadrant and the set of three seismograms at 
the bottom of the figure are for an orientation 60 degrees 
from that of the top. In other figures, however, the 
five orientations do cover a complete quadrant. Also on 
some of the seismograms in figure 6.1 a very small bump 
precedes the first arrival. Calculations of theoretical 
seismograms are never exact because of the finite length 
of the input time series, the finiteness of the sampling 
interval and computational noise. The time series of the 
TABLE 6.1 
Model No. 	Layer No. Thickness OC p 
km km/s 	km/s n/cm3 
i 	 1 30 6.3 	3.1 2.9 
2 30 olivine 3.32 1 
3 co 10.0 	 5.7 3.6 
2 	 1 15 6.0 3.5 	2.65 
2 25 7.0 14.0 	2.9 
3 20 olivine 3.32 14 
Ii. co 10.0 5.7 	3.60 
figure 6.1 	Theoretical seismograms for a 1 second 
P pulse incident at 30 degrees on the 
(o,o,l) plane of olivine horizontal 
(left -hand side of figure) and the 
(l,o,o) plane of olivine horizontal 
(right-hand side) in model 1 of table 
6.1. There are five sets of three 
seismograms on each side. The top 
sets of three are for incident 
planes of symmetry (see Appendix) 
and the other sets of three for 
incident planes rotated at 15 degree 
intervals. Thus the bottom sets of three 
are for an incident plane rotated by 
60 degrees from the initial incident 
plane. In each set of three 
seismograms, the z-component is at 
the top and then come the x and y 
components. Total length of each record 
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seismogram before the arrival of the first pulse is, therefore, 
never exactly zero. In most cases the magnitudes of these 
displacements are negligible. In general the seismograms 
for P waves at all angles of incidence and for S waves at small 
angles of incidence show very small noise levels. Overflow 
problems with the computer program at high frequencies and high 
angles of incidence have forced us to use a sampling frequency 
whose Nyquist folding frequency is not too large. Noise 
levels for these seismograms are thus greater. 
In figure 6.1 the y components show the arrival of SF1 
pulses which have larger amplitudes for the (o,o,l) case 
than for the (l,o,o) case. The z and x components do 
not show any features which uniquely identify them as 
seismograms of an anisotropic structure. We have 
computed theoretical seismograms for an equivalent isotropic 
structure and the number of pulses evident on these is the 
same as in figure 6.1. The anisotropy does not introduce 
new phases, although some of the pulses in figure 6.1 show 
evidence of being double arrivals. Instead the anisotropy 
produces changes in the amplitudes of the derived waves, with 
respect to the main arrival which are due to the particle 
motion of the quasi-SV wave in the olivine having part P motion 
and vice versa. These changes in relative amplitude are small 
in figure 6.1 for an angle of incidence of 30 degrees, but 
- 	 - 
are more in evidence in figure 6.2 for angles of incidence 
of 50 and 10 degrees. Figure 6.2 also shows that the 
amplitudes of the Sn wave are greater at higher angles of 
incidence. This is consistant with the transmission 
square root energy ratios of the SH waves in chapter 5 
which have greater magnitudes at higher angles of 
incidence. It should be noted that since the half space 
in this model has a high velocity with respect to the 
olivine, the incident wave is strongly refracted towards 
the vertical (see the group velocity refraction angles in 
chapter it) and thus, for small angles of incidence, are 
travelling at directions in the olivine where the 
SH-component of the quasi-P wave is small. The double 
arrival nature of the second SH pulse on the y-component 
and the corresponding SV pulse on the x -component is also 
more clearly exhibited in figure 6.2. 
Another feature noted in chapter 5 was that the 
amplitude of the SH wave generated by an incident P wave 
does not diminish rapidly with increasing period. Figures 
6.3 and 6.4 for P pulses of periods 2 and 10 seconds 
respectively which are incident on the (o,o,1) plane of 
olivine horizontal illustrate this. Figure 6.3, for angles 
of incidence of 110 and 60 degrees, again shows the 
larger amplitude SH waves associated with higher angles of 
incidence. Figure 6.4 is interesting in that a 10 second 
figure 6.2 	Seismograms for a 1 second P pulse 
incident upon the (o,o,i) plane of 
olivine horizontal in model 1 of 
table 6.1 at 50 degrees (left-hand 
side) and TO degrees (right-hand 
side) angles of incidence. There are 
five sets of three seismograms on 
each side. The top sets of three 
are for incident plane of symmetry (see 
Appendix) and the other sets of three 
for incident planes rotated at 15 
degree intervals. Thus the bottom 
sets of three seismograms are for an 
incident plane rotated by 60 degrees 
from the initial incident plane. In 
each set of three seismograms the 
z component is at the top and then 
come the x and y components. Total 
length of each record is 51.2 seconds, 
102 14 points at intervals of 0.05 
seconds. 
J~,t- 
figure 6.3 	Seismograms for 2 second P pulse 
incident upon the (0,0,1) plane of 
divine horizontal in model 1 of 
table 6.1 at itO degrees (left -hand 
side) and 60 degrees (right-hand 
side) angle of incidence. The 
incident planes are the same as in 
figure 6.2. Total length of 
each record is 51.2 seconds, 512 
points at 0.1 second intervals. 
v_ 
figure 6. 14 	Seismograms for a 10 second P pulse 
incident at 140 degrees upon the (o,o,i) 
plane of olivine horizontal in model 1 
of table 6.1. Seven sets of three 
component seismograms are shown 
covering one quadrant, the incident 
planes being rotated at 15 degree 
intervals. Total length of record 
shown is 614 seconds which is half 
the length of the time series 
calculated (512 points at 0.25 
second intervals). 
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figure 6.5 	Seismograms for a 1 second SV pulse 
incident at 30 degrees upon the (o,o,i) 
plane (left-hand side) and the (i,o,o) 
plane (right-hand side) of olivine 
horizontal in model 1 of table 6.1. 
There are 5 sets of 3 seismograms on 
each side. The top sets of three 
are for incident planes of symmetry 
(see Appendix) and the others for 
incident planes rotated at 15 degree 
intervals from the initial plane. Thus 
the bottom sets of three seismograms are 
for an incident plane rotated 60 degrees 
from the initial one. Total length 
of each record is 51.2 seconds, 512 
points at 0.1 second intervals. 

figure 6.6 	Seismograms for a ii. second SV pulse 
incident at 35 degrees on the (o,o,i) plane 
of olivine horizontal in model 1 of 
table 6.1. There are five sets of three 
seismogranis. The top set is for the 
incident plane of symmetry. The lower sets 
are for planes of symmetry rotated at 
15 degree intervals from this initial 
plane. In each set of three the order is 
z,x and y - components. Total length of 
each record is 102.4 seconds, 512 points 




period P wave in the Upper Mantle has a wavelength of about 
80 km, at which length scale the effects of scattering 
due to small scale inhoinogeneities might be expected to be 
negligible. The observation of SH motion generated by 
long period P waves mi ght thus be a method of identifying 
anisotropy in the Mantle. 
Figure 6.5 is for an SV pulse of 1 second period 
incident at 30 degrees upon the (o,o,i) and (i,o,o) 
planes of olivine horizontal in the same model as above. 
For the (o,o,l) case the anisotropy produces strong 
coupling between the SV and SH motion while for the 
(i,o,o) case this coupling is weak. Thus for the (o,o,i) 
case the generated SH wave has alarge amplitude and most 
of the pulses on the ether components show evidence of two 
phases arriving almost simultaneously. For the (1,0,0) 
case the amplitude of the SH pulse compared with the main SV 
pulse is much smaller and it is the only pulse which is 
a double arrival. 
For longer period input pulses the separate arrivals 
in figure 6.5 are gathered into a continuous coda as 
in figure 6.6 for a IL second SV pulse incident at 
35 degrees on the (o,o,l) plane of olivine horizontal. 
The SR pulse is again a superposition of two pulses 
arriving almost simultaneously and which combine to 
sharpen the first swing of the pulse with respect to the 
S. 
second swing. This feature, noted also in chapter 5, is 
common to all SH pulses generated by incident SV waves. 
At higher angles of incidence the codas of the S waves 
are very long. Figures 6.7 and 6.8 are for SV and 
SR waves respectively incident upon the (o,o,l) olivine 
plane horizontal at an angle of incidence of hO degrees 
in model 1 of table 6.1. The codas in these figures show 
little tendency to diminish with time. If this phenomenon 
is a real, physical one associated with the effect of the 
anisotropy, the upper layer in this model is a very 
efficient wave trap and the coda is produced by 
interference of waves reverberating in this layer. It may, 
however, be a feature of the computational method. We 
have tried to reproduce the phenomenon in an equivalent 
isotropic structure, but have not succeeded. This does 
not imply that the effect is a real one associated with the 
presenáe of the anisotropy. It is more likely that we have 
not searched isotropic structures diligently enough or 
that extra computational inaccuracies are introduced by the 
anisotropy. Certainly the route the program takes for an 
anisotropic layer involves many more calculations than the 
route taken for an isotropic layer. This phenomenon 
occurs only for angles of incidence such that no 
transmitted quasi-P wave is generated in the olivine. Thus 
P waves generated by the shear waves may be trapped above 
figure 6.7 	Seismograms for a 4 second SV pulse 
incident at 140 degrees upon the (o,o,i) 
plane of olivine horizontal in model 1 
of table 6.1. The incident planes 




figure 6.8 	Seismogram s for a 4 second SH wave 
incident at itO degrees upon the 
(o,o,i) plane of olivine horizontal 
in model 1 of table 6.1. The 
incident planes are the same as in figure 
6.6. 

figure 6.9 	Seismograms for a 1 second P pulse 
incident upon the (o,o,i) plane of 
olivine horizontal in model 2 of 
table 6.1. There are five sets of 
three seismograms. The top set is 
for the initial incident plane 
of symmetry (see Appendix) and the 
others for incident planes rotated by 
30, 45, 60 and 90 degrees from this 
plane. Total length of each record is 
51.2 seconds, 1024 pointsat 0.05 
second intervals. 

Figure 6.10 	Seismograms for a 4 second SV pulse 
incident at 30 degrees upon the (o,o,i) 
plane of olivine horizontal in model 2 
of table 6.1. There are five sets of 
three seismograms for the same 
incident planes as in figure 6.9. Total 
length of each record is 102i seconds, 




figure 6. 11 	Seismograms for a ii. second SH pulse 
incident at 30 degrees upon the (i,o,o) 
plane of olivine horizontal in model 2 
of table 6.1. There are five sets of 
three seismograms. The top set of three 
are for the incident plane of symmetry 
(see Appendix). The other sets are for 
incident planes rotated by 30, 45, 60, 
and 90 degrees. Total length of each 
record is 102.4 seconds, 512 points 
at 0.2 second intervals. 

figure 6.12 	Seismograms for a 14 second SV pulse 
incident at 140 degrees upon the 
(o,o,1) plane of olivine 
horizontal in model 2 of table 6.1. 
The incident planes are the same as 
in figure 6.10. Total length of 
each record is 102. 14 seconds, 512 
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the olivine. However another possibility is thatbecause 
a critical angle has been exceeded ,the phase spectra of 
the displacements might be such rapidly changing functions 
of frequency that the sampling rate in the frequency 
domain is not great enough to produce an accurate 
seismogram. For the seismograms in figures 6.7 and 6.8 the 
spectra were sampled at intervals of 0.0098 Hz. One factor 
which suggests that these seismograms are not accurate 
representations of the surface motion is the noise 
level before the arrival of the first pulse, where the 
displacements should be zero. At present we are inclined 
to attribute the cause of this phenomenon to some 
limitation of the computer program. More investigations 
are required to resolve the problem. 
Evidence that a more layered structure does not appreciably 
affect the magnitude of the anisotropic effects was 
presented in chapter 5. Figures 6.9 to 6.12 are for 
model 2 of table 6.1 which has a two layer isotropic 
crust over a 20 km layer of olivine. Figure 6.9for a 
P wave incident at hO degrees upon the (o,o,i) plane -of 
olivine horizontal, again shows that the main effect of the 
anisotropy on the P wave is the generation of small 
SH pulses. Figures 6.10 and 6.11 for 1 second SH 
pulses incident at 30 degrees on the (o,o,l) and (1,o,o) 
planes of olivine horizontal again emphasise the difference 
between these two planes. For the (l,o,o) case the 
amplitude of the generated SV pulse is very small 
indeed. Figure 6.12 for a 14 second SV pulse incident 
at 140 degrees upon the (o,o,l) plane also shows the 
"reverberations" in the coda mentioned above. 
An effect which is sometimes observed on 
real seismograms is the arrival of SV and SH phases 
at separate times, Nuttli and Whitmore (1962), and 
anisotropy has been suggested as a possible cause. In a 
structure which includes olivine as the anisotropy 
this phenomenon is only found for incident planes of 
symmetry where SV and SH type motion is decoupled. 
Away from incident planes of symmetry the coupling 
between SV and SH waves ensures that SV arrivals are 
always accompanied by SH arrivals at the same time. 
Figure 6.13 shows these effects for the (o,o,l) 
olivine plane horizontal in model 1 of table 6.1. The 
input pulse here is part SV and part SH, the particle 
motion being polarised at an angle of 145 degrees out of the 
incident plane. The top seismograms, for an incident 
plane of symmetry, clearly shows the SH phase arriving later 
than the SV phase. For other incident planes of symmetry 
the SH pulse can arrive first. Away from planes of symmetry 
the main SH phase is preceded by an SH pulse generated at the 
figure 6.13 	Seismograms for a 1 second shear wave 
whose particle motion is at 145 degrees 
out of the incident plane (SV-SH wave) 
incident at 30 degrees on the (o,o,i) 
plane of olivine horizontal in model 1 
of table 6.1. The top set of three 
seismograms is for the incident plane of 
symmetry (see Appendix) and the other 
sets for incident planes rotated at 
15 degree intervals. Total length of 
each record is 51.2 seconds, 512 
points at 0.1 second intervals. 

figure 6.114 	Seismograms for a 14 second SV-SH wave 
incident at 35 degrees (left-hand side) 
and 140 degrees (right-hand side) on the 
(o,o,i) plane of olivine horizontal in 
model 1 of table 6.1. The top set of 
three seismograms is for the initial 
incident plane of symmetry (see 
Appendix) and the others for incident 
planes at 30, 145, 60 and 90 degrees 
from this plane. Total length of each 
record is 102.14 seconds, 10214 points 
at 0.1 second intervals. 

figure 6.15 	Seismograms for a 14 second SV-SH wave 
incident at 30 degrees upon the (o,o,i) plane 
of olivine horizontal in model 2 of 
table 6.1. The incident planes are the 
same as in figure 6.114. Total length 
of each record is 102. 14 seconds, 512 




top boundary of the olivine layer by the quasi-SV wave 
in the olivine and which arrives at the same time as the 
main SV phase. As the orientation of the incident plane 
increases away from the plane of symmetry the two SH 
phases overlap more and produce a single SH phase 
which arrives at the same time as the SV phase. 
For input pulses of larger period only one composite 
SH pulse is produced. Figure 6.14 shows seismograms 
for 4 second input pulses incident at 35 and 10 degrees 
on the (o,o,i) plane of olivine horizontal in model 1 
of table 6.1. The double arrival nature of the 
SH pulse is shown by the bump sometimes observed on the 
first swing of the pulse. The beginning of the 
SV and SH pulses are at the same time. The peak of the 
SH pulse, however, arrives later than the peak of the 
SV pulse in the seismograms at the top of the 
figure and as the orientation of the incident planes 
changes, it gradually overtakes the peak of the 
SV pulse. This is caused by the time difference of the 
two arrivals composing the SH pulse changing with 
orientation and this also causes the shape of the SR 
pulse and its amplitude relative to that of the SV pulse 
to change. Figure 6.15 shows these same features for the 
(o,o,l) plane of olivine horizontal in model 2 of table 6.1 
6.3 Crustal transfer functions 
It was suggested in section 6.2 that the main effect 
of anisotropy on the P wave and coda was the generation 
of small SH pulses and that otherwise the effects of the 
anisotropy were to be sought in the amplitudes and not 
the number of derived waves. For this reason these 
anisotropic effects may be more easily discernible 
from the crustal transfer functions than from time domain 
studies. In addition some studies of short period 
crustal transfer functions have indicated the presence 
of anomalous P-SV and P-SH conversion which the researchers 
have attributed to the effects of scattering and dipping 
boundaries, Ellis and Basham (1968) and Hasegawa (1910). 
Since anisotropy can produce similar effects it may be 
a factor of importance in crustal transfer function studies. 
We have not, yet, made a thorough study of the effects of 
anisotropy on crustal transfer functions and we 
shall limit ourselves to a presentation of some 
examples of crustal transfer functions of anisotropic 
structures. 
Phinney (19 614 ) defined the normal transfer function as 
T (r,e) = 	w(f, e) 
u(f, 0) (6.1) 
where w (f, e) is the vertical displacement, u(f, e) is the 
horizontal radial displacement, f is the frequency and 0 
the angle of incidence. Since in anisotropic media a 
horizontal transverse displacement is also present, we 
define an anisotropic transfer function 
v(f, 0) 
u(f, o) 
where v(f, 0) is the horizontal transverse displacement. 
In the figures that follow these two transfer functions 
(6.2) 
are plotted for model 2 of table 6.1 at frequencies between 
zero and 2 Hz. At the angles of incidence we shall 
examine P waves have their largest amplitudes in the vertical 
displacement and SV waves in the horizontal radial 
displacement. Thus large peaks in the normal transfer 
function are caused by an enhancement of the P motion 
with respect to the SV motion. Conversely, where peaks 
notably diminish in amplitude the SV motion is enhanced 
with respect to the P motion. Peaks in the anisotropic 
transfer function correspond to enhancement of the SH 
motion. The position and amplitudes of the peaks are 
indicative of the width and velocities of the layers. 
The velocity anisotropy of the olivine will thereby cause 
variations in the transfer functions. A question of some 
importance, therefore, is how much the variations in the 
transfer functions are controlled by anomalous generation 
of SH and SV motion due to the particle motions of the 
waves in the olivine. 
Figures 6.16, 6.17 and 6.18 show the crustal 
transfer functions for the (o,o,1), (o,l,o) and.(l,o,o) 
planes of olivine horizontal respectively. The top 
and bottom graphs in each figure are for incident planes 
of symmetry and the anisotropic transfer functions are 
zero because no SH waves are generated for these cases. 
The middle graphs are for incident planes away from 
planes of symmetry. Note that the scales for the 
normal and anisotropic transfer functions are not the 
same. 
The transfer functions for these three cases are 
quite different from each other. The largest peaks (which are 
off scale) occur for the (o,o,l) case, figure 6.16, and the 
smallest peaks for the (o,l,o)cse, figure 6.17, and the 
appearance of the transfer functions for the (1,0,0) case 
have a much more regular appearance. The difference 
between the (o,o,l) and (o,l,o) cases is perhaps surprising 
because the effects of these two planes are usually so 
similar. The gross dissimilarities of the transfer functions 
for these three planes are almost certainly due to the great 
velocity differences of the compressional velocity along the 
three crystallographic axes. The variation of the transfer 
functions within each figure, i .e. due to the different 
orientations of the incident plane with respect to a given 
plane of olivine horizontal, are more indicative of the 
figure 6.16 	Theoretical transfer functions for 
(o,o,i) plane of olivine horizontal 
in model 2 of table 6.1. The 
bottom graphs are for the initial 
incident plane of symmetry (see 
Appendix) and the others for incident 
planes rotated by 30, 60 and 90 degrees 
from this plane. Horizontal 
phase velocity is 15 km/s (incident 










































figure 6.17 	Theoretical transfer functions for 
the (o,i,o) plane of olivine 
horizontal in model 2 of table 6.1. 
The bottom graphs are for the initial 
plane of symmetry (see Appendix) and 
the others are for incident planes 
rotated by 30, 60 and 90 degrees from 
this plane. Horizontal phase velocity 



















































figure 6.18 	Theoretical transfer functions for 
the (i,o,o) plane of olivine horizontal 
in model 2 of table 6.1. The bottom 
graphs are for initial incident plane of 
symmetry and the others for incident 
planes rotated by 30, 60, and 90 degrees 
from this plane. Horizontal phase 













































figure 6.19 	Theoretical transfer functions for 
(o,o,i) plane of olivine horizontal 
in model 2 of table 6.1. Incident 
planes are the same as in figure 6.16. 
Horizontal phase velocity is 20 km/s 












































figure 6.20 	Theoretical transfer functions for the 
(o,o,i) plane of olivine horizontal in 
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figure 6.21 	Theoretical transfer functions for the 
(o,o,l) plane of olivine horizontal 
in model 2 of table 6.1. Horizontal 
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effects of the variation of P-SV and P-SH generation. 
Thus in figure 6.16, for the (o,o,i) olivine plane 
horizontal, the magnitude of the largest peak diminishes 
with orientation away from the (o,l,o) incident plane 
(bottom graph) and there are several peaks whose 
amplitude depend greatly on orientation. Great 
variation of peak amplitude with orientation is also 
shown in figure 6.18 for the (l,o,o) plane horizontal. 
The largest peak in anisotropic transfer functions in 
figure 6.17 is at the same frequency as the largest 
amplitude peak on the normal transfer function. The SV 
type motion is here being diminished at the expense of the 
P and SI! type motion. 
The azimuthal variations of the transfer functions can be 
caused by either the velocity anisotropy or the 
P-SV-SH coupling introduced by the anisotropy. Two 
factors suggest that the latter has an- appreciable 
effect. The first is the correlation between the peaks of 
the anisotropic and normal transfer functions. The second is 
that, especially at high angles of incidence, the waves 
in the olivine are travelling in directions in which 
the velocity anisotropy is small. Figures 6.19, 6.20, and 
6.21 show the crustal transfer functions for the (o,o,l) plane 
of olivine horizontal at higher angles of incidence. With 
increasing angle of incidence the appearance of the 
transfer functions becomes much more jagged, but the 
azimuthal variation does not diminish. A more thorough 
examination of crustal transfer functions in anisotropic 
media is required to assess the importance of P-SV-SH 
coupling. 
6.4 Conclusion 
The effect of a layer of anisotropy beneath the Moho 
produces two effects on incident P waves. The first is the 
generation of small amplitude (about 10% of the amplitude 
of the P phase) SH waves which arrive later than the 
main P phase and the second is an azimuthal variation 
in the amplitudes of the derived waves in the P coda. 
Diagnosing anisotropy in the Mantle from P waves might 
thus best be effected by a search for anomalous SH 
particle motion in the codas of P waves and studies 
of crustal transfer functions. Anisotropy does not 
produce anomalous particle motions in the P phase i.e. 
the parti&e motion is still in the incident plane. 
Departures of the particle motions of P phases from epicentre - 
station great circle paths has sometimes been observed, 
Ellis and Bashain (1969). Such anomalies must be 
ascribed to other causes such as lateral inhomogeneity. 
Mathematically, the reason anisotropy does not produce 
this phenomenon is that, for a P wave in a layered 
anisotropic structure incident in the x-z plane, the 
slowness vectors of all derived waves are also in the 
x-z plane, whether one watches waves in an anisotropic 
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	or isotropic layer. Physically, the reason is that, 
although an anisotropic layer bends the ray out of the 
incident plane, when this ray hits a boundary with an 
isotropic layer it is bent back into the initial incident 
plane and the transverse motion goes into a generated SH 
wave in the isotropic layer. Since this 511 wave arrives 
later than the P phase there is no SH component to the 
P phase. 
The strong coupling between SV and SH waves introduced by 
anisotropy produces large amplitude SH waves from incident 
SV waves, and vice versa, and ensures that (except 
for incident planes of symmetry) the SV and SH components 
arrive simultaneously. The recognition of Mantle anisotropy from 
anomalous particle motion of the S phase is complicated, 
however, by the difficulties of determining what proportion 
of the incident wave is SV and what proportion SH. The study 
of the polarisation of the S phase may be more fruitful. Another 
possibility is the study of the wave forms of the SV and 
SH components, since anisotropy can produce a sharpening of the 
first swing with respect to the second. 
It may be concluded from the above that anisotropy 
produces no pronounced effects which are readily and un-
iquely identifiable as due to anisotropy and no other cause. 
This suggests two possible hypotheses. The first is that, 
since in this study we have used a medium which is more 
anisotropic than the Earth could be, when the magnitude of 
the anisotropy is reduced to a geophysically reasonable 
level the effects produced might have such a magnitude as to 
be undetectable. This is, however, a pessimistic viewpoint. 
The second, more optimistic hypothesis is that anisotropy 
* 
	
	leads to no seismological effects which are so distinctive 
as to rule out the possibility of anisotropy in the 
Mantle. The effects of anisotropy, on this hypothesis, 
are subtle and we have suggested above ways in which they 
may be recognised. 
CHAPTER 1 
CONCLUSION 
7.1 The effects of anisotropy 
Anderson (1965) lists eleven phenomena that anisotropy 
in the Mantle might produce. They are additional body 
phases, particle displacement not orthogonal to the 
azimuthal co-ordinate system, changes in polarisation 
of ground particle motion ellipses, coupling of body phases, 
cusps on wave fronts, distortion of surface wave 
dispersion curves, disagreement between Rayleigh and Love 
wave-phase velocity interpretations, distortion and 
possible tilting of surface motion particle orbits, coupling 
of Love and Rayleigh. waves, non-parallel directions of 
group and phase velocity and splitting-of free oscillation 
peaks. To these can be added azimuthal variations 
in station time terms and splitting of the S phase into 
separately arriving SV and SH cononents. 
In discussingthe possible existence of these effects, 
it is necessary to have in mind some model of the form and 
distribution of the anisotropy; and in forming a model, 
one must accept that, to a very great degree, the 
Earth must be elastically isotropic. The most compelling 
reason for accepting this is the success and consistency of 
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interpretations of seismic data based on the predictions of 
wave propagation in isotropic Earth models. Thus, any 
anisotropy in the Earth must have a magnitude and 
distribution such that its effects, such as listed above, 
are of second order magnitude. In addition seismic 
body waves have wavelengths of 8 km and greater and seismic 
surface waves have wavelengths of 100 km and greater. For 
anisotropy to have an effect at these length scales we 
have to account for the mechanism which produces consistent 
orientations of mineral crystals over such great distances. 
It is difficult to think of mechanisms which could produce 
anisotropy over, great depth ranges in the Mantle and such 
widespread anisotropy, if it existed, might be expected 
to produce effects of such a magnitude that the existence 
of anisotropy would have been already confirmed. It is 
the opinion of the present writer, therefore, that any 
anisotropy in the Mantle must be confined to limited 
depth ranges and be associated with some feature not 
typical of the Mantle as a whole. Two such depth ranges 
have been suggested in the literature. Anderson (1961, 1962) 
and Anderson and Harkrider (1962) suggested the low velocity 
zone, Craiin (1966, 1967) suggested the layer beneath the 
Moho under continents and Hess (1964)and Raitt et al (1968, 1969, 
1971) the layer beneath the Moho under oceans. 
Most geophysicists consider olivine as the major 
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Mantle constituent. Olivine is orthorhombic and thus the 
form of any anisotropy in the Mantle cannot have a more 
general symmetry than this. It can, of course, have less. 
Preferred orientation of olivine crystals in rock fabrics 
of tectonites have been observed since Andreatta (193I). 
Some rock specimens show strong concentrations of all three 
crystallographic axes of the olivine crystals and others 
show a strong concentration of one axis and a girdle 
of the other two about this axis, Christensen (1971). 
In the former case an orthorhombic elastic response 
would be produced and in the latter a transversely 
isotropic elastic response. Anderson (1961, 1962) 
suggested that the low velocity zone might be transversely 
isotropic with a vertical axis of symmetry. Such an 
anisotropy does not produce azimuthal variations and the 
particle motion of body waves is the same as forisotropic 
media. The only effect of this type of anisotropy is the 
different velocities of SV and SH waves. Thus none of the 
anisotropic effects, listed at the beginning of this 
chapter, which is dependent on the abnormal particle 
motions of the body waves in anisotropic media can be 
produced by such a model. The only effects which are then 
left are possible distortion of surface wave phase velocity 
curves and diagreément between Rayleigh and Love wave data 
interpretations. Indeed, the reason Anderson (1961, 1962) 
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suggested a transversely isotropic low velocity zone was the 
difficulty in finding an isotropic model which would fit 
this data. Since then, most workers have not 
met such a difficulty, e.g. Brune and Dorman (1963), 
probably because of more abundant and more accurate data, 
better data processing methods and more sophisticated inversion 
techniques. On the other hand, the problem has not 
disappeared • completely, McEvilly (1964), Kaminuma (1966), 
Thatcher and Brune (1969), James (1971) and Bhattacharya (197 11.). 
The cause of this discrepancy is anomalously high Love 
wave phase velocities, and transverse isotropy in the low 
velocity zone can account for it.- In the present writer's 
opinion, however, a simpler explanation is that the data of 
these authors is inaccurate due to contamination of the 
m. 	fundamental mode by the first higher shear mode, which has 
almost the sane group velocity in the period range of interest. 
This explanation was suggested by Thatcher and Brune (1969). 
The coupled higher mode Love and Rayleigh waves observed 
by Cranin (1966, 1967) and the velocity anisotropy observed 
beneath oceans, Hess (196 11.), cannot be explained by a model of 
transverse isotropy with a vertical axis of symmetry. Although 
measurements of azimuthal variations in the Pn velocity 
beneath oceans are made only for a horizontal plane and cannot 
determine the form of anisotropy, Backus (1965), they do 
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indicate that, if the mantle is transversely isotropic, 
then the axis of symmetry must be horizontal (or nearly 
so). However, a constant phase relationship between higher 
mode Love and Rayleigh waves requires an orthorhonibically 
elastic medium because the effect is produced by coupling 
of SH and SV type motion. All of the possible anisotropic 
effects listed at the beginning of this section can be 
produced by an orthorhonibically elastic layer beneath the 
Moho. However, cusps on wave fronts cannot be produced 
by olivine (see wave surfaces in chapter 3) and the depth 
range of the possible anisotropy is so small that no effect 
on free oscillations can be expected. 
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7.2 The effects of an orthorhoinbically elastic layer 
beneath the Moho on body waves 
In olivine the maximum angular displacement of the 
particle motion of'
. 
f the longitudinal wave from the 
propagation directián is not much more than ten degrees. 
Thus the coupling with SH type motion of P waves 
incident on an olivine layer is small (zero when the 
incident plane is a plane of symmetry), and only small 
amplitude SH waves are produced. The amplitude of the SH 
wave is greatest when - the incident plane is well away from 
a plane of symmetry and for high angles of incidence. 
Because the amplitude of the SH wave is small even for 
a material as anisotropic as olivine (for the (1,0,0) 
plane of olivine horizontal it is very small), it might be 
expected that scaling down the magnitude of the velocity 
anisotropy would lead to a great reduction in the amplitude 
of this wave. It may -be, however, that one can reduce the 
velocity anisotropy to a level of, say, 5 per cent and still 
have the particle motion of the longitudinal wave deviate 
significantly from the propagation direction. Nuttli (1959) 
examined the particle motiOn of a P coda in which an Sil 
wave of about 10 per cent amplitude of the P wave was evident 
arriving about 10 seconds' after it. These values are of the 
right order of magnitude. The theoretical seismograms 
we have calculated for incident P waves show an SH wave with 
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about io% the amplitude of the main P wave arriving 
about seven seconds later. Although the magnitude of the 
generated SH wave does decrease with increasing period 
of the input wave, the aiilitude of this wave is noticeable 
even for very long periods. Thus the observation of SH 
motion associated with very long period P waves, which should be 
less sensitive to scattering and lateral inhomogeneities, 
could be of use in indicating the presence of any anisotropy. 
One effect anisotropy might be expected to produce is 
non-orthogonality of the P wave particle motion to the 
azimuthal co-ordinate system (i.e. the direction of energy 
arrival would not be in the plane through the epicentre and 
station). This does not occur. A P wave incident on an 
olivine layer gets bent out of the incident plane. In chapter 
4 the magnitude of the angle of group velocity out of 
the x-z plane was as high as 15 degrees. However when the 
longitudinal wave in the olivine hits the upper boundary 
of the divine layer, the ray gets bent back into the original 
incident plane and the transverse motion goes int.o a generated 
SH wave. Thus, in the theoretical seismograms presented, 
the particle motion of the P phase is confined to the incident 
plane. Anisotropy will produce this effect only if the location 
of the anisotropy is directly beneath the recording station. 
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Variations in the coupling of P to Sil motion automatically 
imply variations in the coupling of P and SV motion, and this 
manifests itself in changes with azimuth of the amplitudes of the 
SV waves derived from P waves. It is unlikely that this 
will provide a means of identifying anisotropy of the 
Mantle. One possibility, however, is that anomalous 
coupling of P waves with SV and SH may be observable 
in crustal transfer functions derived from the coda of 
P waves. Bakun(1971), Ellis and Basham (1968) and 
Hasegawa (1969) found complications in experimental crustal 
transfer functions due to anomalous P-SV and P-SH coupling. 
With olivine as the anisotropic material it is difficult to 
separate out the effects of the great velocity anisotropy from 
those of P-SV-SH coupling. More work is required on this 
problem. 
Another effect an anisotropic layer beneath the Moho 
might cause is an azimuthal variation in the delay time of 
incident P waves. We have not considered this effect in 
the thesis. We can, however, get some idea of the magnitude 
of the effect from a consideration of the velocity of 
longitudinal waves in olivine. The maximurn and minimum 
velocities are 9.87 km/s and 7.71 km/s. Over a distance of 
thirty kilometres there is, therefore, a delay difference of 
about 0.9 seconds. Reducing the level of anisotropy so that 
the maximum and minimum velocities are 8.6 km/s and 8.0 
kin/s the delay difference is about 0.22 seconds. The 
exact values of the azimuthal variation are dependent 
on the form of the anisotropy and angle of incidence. 
The effects of anisotropy on P waves are of small 
magnitude. The effects on S waves are much more 
pronounced . This is due to the removal of the degeneracy 
that shear waves experience in isotropic media. In 
anisotropic media they have well defined particle motions 
and the two transverse waves travel at different velocities. 
However, studies of P waves are not beset by the difficulties 
encountered in S wave studies. Thus complications in 
determining the arrival time of S phases, because they arrive 
at a time when the seismogram is perturbed by the P wave 
coda and precursors to the S phase itself, means that the 
observation of azimuthal variations in arrival time is 
unlikely. It is also unlikely that SV and SH components 
of the S phase will arrive at different times (unless the 
incident plane happens to be a plane of symmetry) because of 
the strong generation of SV by Sil and vice versa. This is 
consistent with studies of the particle motion of S phases, 
Nuttli (1959), and observations of Sil and SV components 
arriving separately are rare. 
One feature characteristic of the effect of anisotropy 
on S waves is the sharpening of the first swing of the pulse 
with respect-to the second. This is caused by the double arrival 
S. 
nature of the pulse. The SH phase, for example, is a 
superposition of two SH pulses, one of which has 
travelled as quasi-SV in the anisotropic layer and the 
other as quasi-SH. The difference in velocity with which 
these two latter waves propagate causes the two pulses to 
arrive at slightly cifferent times, and to interfere 
with each other. If the period of the incident S pulse is 
short, the two pulses may be separated out on the seismogram. 
Teleseisinic one second period S phases, however, are rare. 
A study of the particle motions and polarisation 
of the S phase is, -  perhaps, the most promising way 
Of identifying anisotropy from S waves. Complications 
in the polarisations of the S phase by anisotropy 
might render focal mechanism studies by S waves much 
more difficult. We have not made a study of the 
polarisation of S waves in anisotropic media and suggest 
this for further work. 
13 
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7.3 Suggestions for further won 
A large amount of the time and effort expended during 
the course of the work for this thesis has gone into 
the development of the computer programs used to produce 
the results presented. Programming complications 
introduced by the presence of anisotropy produce a 
large number of ways in which something can go wrong, 
and, as is usual with computer programs, has. As a 
result we have been limited in the number of investigations 
that have been possible and this thesis has been restricted 
to an investigation of the effects of olivine on body waves. 
Further work should, therefore, consider the effects of 
anisotropy of a more geophysically reasonable magnitude. 
In addition a more thorough examination of the effects of 
anisotropy on crustal transfer functions is required. 
One of the conclusions of the work presented in this thesis 
is that the effects of anisotropy on S waves is pronounced. 
We have not, however, made a study of the particle motion or 
polarisation of S waves and such a study might be of great 
value in identifying the presence of anisotropy in the 
Mantle. 
An observational study of the particle motions of P and 
S aves and their codas and an experimental investigation 
of the crustal transfer functions of P and Swaves, coupled with 
a study of these parameters in geophysically reasonable 
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anisotropic models would be of use not only in finding anisotropic 
effects in the Earth, but also in determining those effects 
which are definitely not observable. This will place 
constraints on the form and magnitude of possible 
Mantle anisotropy. In this respect it is interesting to 
note that the. strongest evidence of anisotropy in the Mantle 
available is for the Mantle under oceans. It is unfortunate 
that there are no seismometers on the deep sea-bed. If 
seismograms from such stations ever became available, they would 
be invaluable in placing constraints on the form, magnitude 
and depth range of the anisotropy. At present, however, 
we must do with seismograms for continental stations and 
one possibility is that the effects of anisotropy might be 
observable in PP and SS phases which have been reflected 
from the sea-floor. 
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dVOTi\TflTV 	A 
This appendix explains the orientations of the olivine 
used in the thesis. In the layered structures used in the 
thesis one of the planes of symmetry of the olivine 
is always horizontal, i.e. in the x-y plane, and the 
incident plane is always the x-z plane (see figure Al). 
When the (o,o,l) plane of olivine is horizontal, 
the initial incident plane of the waves is the (o,i,o) 
plane (see figure A2a). A new incident plane is 
investigated by rotating about the z-axis of the 
co-ordinate system by some angle U, thereby bringing 
a different direction in the (o,o,i) plane into 
co-incidence with the x-axis of the co-ordinate system. 
A rotation of 90 degrees about the z-axis of the 
co-ordinate system brings the 6 crystallographic axis 
into coincidence with the x-axis of the co-ordinate system. 
The incident plane is then the (i,o,o) plane, i.e. the 
(1,0,0) plane is now in the x-z plane of the co-ordinate 
system. For all of these incident planes the 
crystallographic axis remains along the z-axis of the 
co-ordinate system. In the figures in the thesis the x-axis 
of the co-ordinate system starts off as theacrystaflographic 
- 	axis and then becomes an axis in the (o,o,1) plane 30 degrees 
away from the a crystallographic axis, 5 degrees away from the 
1 
The y—axis is out of the page. 
fig.A1 k typical layered structure.A plane of 
symmetry of olivine horizontal. 
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a crystallographic axis, 60 degrees away from the a 
crystallographic axis and then 90 degrees away, i.e. 
the b crystallographic axis. For some of the 
figures, however, these angles change to angles at 15 
degree intervals i.e. 0, 15,  30, 145,  60, 75 and 90 degrees 
away from the a crystallographic axis. 
When the (o,i,o) plane of olivine is horizontal, the 
initial incident plane is the (o,o,l) plane (see figure 
A2b). To change the incident plane, rotations about the 
z-axis of the co-ordinate system are again used. Thus, 
after 90 degrees rotation about the fixed z-axis of the 
co-ordinate system the incident plane is the (1,0,0) 
plane i.e. the c crystallographic axis has been 
rotated into co-incidence with the x-axis of the co-ordinate 
system. 
- 	 When the (l,o,o) plane of olivine is horizontal, 
the initial incident plane is the (o,l,o) plane (see 
figure A2c). To change the incident plane, rotations 
about the fixed z-axis of the co-ordinate system is again 
used. Thus, after 90 degrees rotation about the z-axis of the 
co-ordinate system the b crystallographic axis is brought 
to co-incidence with the x-axis of the co-ordinate system and 
the incident plane is now the (o,o,i) plane. 
b crystaIl 
axis and y. 
a crystallographic 
axis and x—axis 






axis and x—axis 






axis and x—axis 
a crystallographic axis 
and z—axis 
fig. A2c 
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Where reference is made in the text of the 
thesis to changes in the orientation of the incident 
plane with respect to the divine, these changes are 
effected as set out above. 
